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ABSTRACT
We report the discovery of three new transiting planets by the Wide Angle Search for Planets:
WASP-85 A b, WASP-116 b, and WASP-149 b. Through combined analysis of photometric lightcurves
and radial velocity observations, we determine key orbital and physical parameters for these planetary
systems. WASP-85 b orbits its host star every 2.66 days, and has a mass of 1.25MJup and a radius of
1.25RJup. The host star is of G5 spectral type, with magnitude V = 11.2, and lies 141 pc distant. The
system has a K-dwarf binary companion, WASP-85 B, at a separation of ≈ 1.5 ′′. The close proximity
of this companion leads to contamination of our photometry, decreasing the apparent transit depth
that we account for during our analysis. We find a stellar effective temperature of Teff= 5685 K,
and super-solar metallicity ([Fe/H] = 0.08 dex) from analysis of spectroscopic observations of the host
star, but our MCMC fit to the dilution-corrected photometry suggests a significantly hotter star of
6150 K. We find a long-term trend in the binary position angle, indicating a misalignment between
the binary and planetary orbital planes. Analysis of the Ca ii H+K lines shows strong emission that
implies that both binary components are strongly active. WASP-116 b is a warm, mildly inflated super-
Corresponding author: D. J. A. Brown
d.j.a.brown@warwick.ac.uk
∗ based on observations (under proposal 089.C-0151(A)) made
using the HARPS high resolution e´chelle spectrograph mounted on
the ESO 3.6-m at the ESO La Silla observatory, and the IO:O cam-
era on the 2.0-m Liverpool Telescope under program PL12B13.
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Saturn, with a mass of 0.59MJup and a radius of 1.43RJup. It was discovered orbiting a metal-poor
([Fe/H] = −0.28 dex), cool (Teff= 5950 K) G0 dwarf every 6.61 days. WASP-149 b is a typical hot
Jupiter, orbiting a G6 dwarf with a period of 1.33 days. The planet has a mass and radius of 1.05MJup
and 1.29RJup, respectively. The stellar host has an effective temperature of Teff= 5750 K and has a
metallicity of [Fe/H] = 0.16 dex. WASP photometry of the system is contaminated by a nearby star,
but our follow-up photometry are unaffected; we therefore corrected the depth of the WASP transits
using the measured dilution. WASP-149 lies inside the ‘Neptune desert’ identified in the planetary
mass-period plane by Mazeh, Holczer & Faigler (2016).
WASP and K2 observations of the WASP-85 system show clear variability, indicative of rotational
modulation caused by stellar activity. We model the modulation visible in the K2 lightcurve of WASP-
85 using a simple three-spot model consisting of two large spots on WASP-85 A, and one large spot on
WASP-85 B, finding rotation periods of 13.1± 0.1 days for WASP-85 A and 7.5± 0.03 days for WASP-
85 B. We estimate stellar inclinations of IA = 66.8
o ± 0.7 and IB = 39.7o ± 0.2, and constrain the
obliquity of WASP-85 A b to be ψ < 27o. We therefore conclude that WASP-85 A b is very likely to be
aligned.
Keywords: planets and satellites: detection — planets and satellites: individual: WASP-85 — planets
and satellites: individual: WASP-116 — planets and satellites: individual: WASP-149 –
techniques: photometric – techniques: radial velocities
1. INTRODUCTION
Though the science of transiting exoplanets has been
pushed forward by space-based missions such as CoRoT
(Baglin et al. 2006), Kepler (Borucki et al. 2010), K2
(Howell et al. 2014), TESS (Ricker et al. 2015), and
the upcoming PLATO (Rauer et al. 2014, 2016), the
contribution of ground-based surveys cannot be under-
stated. Projects such as HATnet (Bakos et al. 2002),
TrES (Alonso et al. 2004), XO Project (McCullough et
al. 2005), WASP (Pollacco et al. 2006)), KELT (Pepper
et al. 2007), and QES (Alsubai et al. 2013) have col-
lectively discovered large numbers of exoplanets orbit-
ing bright stars (8.5 . V . 12.5); these are particularly
useful, as their brightness opens up the possibility of de-
tailed follow-up studies to determine planetary masses,
spin-orbit alignment angles, and atmospheric composi-
tions. WASP (the Wide Angle Search for Planets) is
by far the most successful of these surveys, with more
than 150 published planet discoveries to date, but has
recently concluded science operations in both the North-
ern and Southern hemispheres.
Owing to the limitations imposed by observing
through the Earth’s atmosphere, the focus for the ma-
jority of ground-based surveys has been deep transit
events rather than the more shallow transits that tend
to be the objective of satellite missions. Deep transits
implies either small planets around small stars (as tar-
geted by the MEarth (Berta et al. 2012), TRAPPIST
(Gillon et al. 2013) and SPECULOOS (Burdanov et al.
2017) surveys), or giant planets around solar-type stars.
WASP focused on the latter, which continue to chal-
lenge formation and evolution theories. A significant
diversity of physical properties has been observed, par-
ticular for planetary radius where it seems that a broad
range of values is possible for the same planetary mass.
In part this is due to different environmental condi-
tions; bloated planets (e.g. WASP-12, Hebb et al. 2009;
WASP-21, Bouchy et al. 2010; WASP-54, Faedi et al.
2013; WASP-102, Faedi et al. 2016; WASP-127, Lam et
al. 2016), for example, tend to be preferentially found on
short-period orbits or around particularly active stars,
both of which produce a strong irradiation environment
that can lead to an inflated planetary radius (Guillot et
al. 1996; Demory & Seager 2011). Internal mechanisms,
for example atmospheric circulation (e.g. Showman &
Guillot 2002), enhanced atmospheric opacities (Burrows
et al. 2007), Ohmic heating (Batygin & Stevenson 2010;
Huang & Cumming 2012; Wu & Lithwick 2013), or
tidal energy dissipation (e.g Bodenheimer, Laughlin, &
Lin 2003; Miller, Fortney, & Jackson 2009; Ibgui, Bur-
rows, & Spiegel 2010) can also play a role in inflating
a planet’s radius. However, there is no single mecha-
nism that can explain the full diversity of giant planet
radii. Moreover, planets with different masses respond
differently to many of the influencing factors (Enoch,
Collier Cameron, & Horne 2012), such that exploring a
variety of planetary mass regimes is important to a full
understanding of planet formation and migration. If
we are to continue exploring the conditions under which
planets form and evolve, then it is vital that we continue
to expand the sample of well-characterized, transiting
planets around bright stars, and that we continue to
explore underpopulated regions of planetary parameter
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space. Ground-based transiting surveys are invaluable
in this endeavour.
A study of F, G, and K stars in the Sloan Digital Sky
Survey (SDSS) showed that approximately 43±2 percent
of solar-type stars have binary companions with periods
of < 1000 days (Gao et al. 2014). This supports earlier
results by Raghavan et al. (2010) (46 ± 2 percent solar
type stars in binaries), Duquennoy & Mayor (1991), and
Abt & Levy (1976), among others. However, the binary
fraction seems to be lower for exoplanet systems (Roell
et al. 2012) , indicating a suppression of planet forma-
tion (Wang et al. 2014). There is a strong selection effect
acting against binary systems in planet search programs,
that Roell et al. acknowledge and Wang et al. correct
for. The presence of a companion star to the planet
host introduces the problem of light from said star con-
taminating either the photometric observations (dilut-
ing the transit depth), spectroscopic observations (in-
troducing a second set of spectral lines, and thus a sec-
ond cross-correlation function peak), or both. The level
of contamination depends on several factors - the reso-
lution of the instrument, aperture size, fibre diameter,
seeing, the separation of the stars, and the magnitude
difference between the stellar components. These factors
vary considerably from system to system, and the pres-
ence of a binary companion to an exoplanet candidate
star tends to reduce the likelihood of that candidate be-
coming the target of follow-up observations. Neverthe-
less, there are several examples of hot Jupiter exoplanets
in S-type orbits around binary stars, including WASP-
70 A b (Anderson et al. 2014); WASP-77 A b (Maxted et
al. 2013); WASP-94 A b and B b (Neveu-VanMalle et al.
2014); Kelt-2 A b (Beatty et al. 2012), and Kepler-14 A b
(Buchhave et al. 2011).
In this paper we present the discovery of three new
transiting exoplanets by WASP: WASP-85 A b, WASP-
116 b, and WASP-149 b. WASP-85 A b is a hot Jupiter
orbiting the brighter, solar-type component of a close
visual binary, BD+07◦2474, that has an orbital period
of ∼ 3000 years. The binary companion is cooler than
the host star but has a similar magnitude in the V-band.
This companion contaminates both the photometric and
spectroscopic data for the system, which thus require ad-
ditional analysis compared to the standard WASP pro-
cedure. WASP-116 b is a warm, mildly inflated super-
Saturn orbiting an extremely metal-poor early G-dwarf,
while WASP-149 b is a hot Jupiter orbiting a metal-rich
late G-dwarf.
In Section 2 we describe the photometric and spectro-
scopic observations of these systems. We then examine
the characteristics of the host stars in Section 3, and in-
Section 4 we discuss the methods by which we derive
system parameters. Results for the three systems are
presented in Sections 5, 6, and 7. We discuss various
interesting aspects of our systems in Section 8, and con-
clude by summarising our results in Section 9.
2. OBSERVATIONS
For a detailed account of the WASP telescopes, ob-
serving strategy, data reduction, and candidate identifi-
cation and selection procedures, see Pollacco et al. (2006,
2008) and Collier Cameron et al. (2007).
2.1. WASP-85
BD+07◦2474 lies near the celestial equator, and was
thus observed by both WASP (located at the Observato-
rio del Roque de los Muchachos on La Palma, Spain) and
WASP-South (located at the South African Astronomi-
cal Observatory near Sutherland, South Africa). These
observations resulted in 20936 data, spanning the period
2008-02-05 to 2011-03-29.
The system was first identified as a planet candidate
from WASP data in 2008. Initial analysis revealed tran-
sit like features with an apparent period of ∼ 1.59 days.
This signal was subsequently identified in both the Su-
perWASP and WASP-South photometry independently,
and the star was selected for photometric and spectro-
scopic follow-up observations. Subsequent to these ob-
servations, the secondary peak in the periodogram, at
∼ 2.66 days, was found to be the correct period.
The radius of the synthetic aperture (48 ′′) used to
extract the flux of BD+07◦2474 is much greater than
the maximum binary separation (1.8 ′′; see Section 8.1),
such that the WASP lightcurve includes flux contribu-
tions from both stellar components of the binary. The
additional light from the companion (sometimes referred
to as ’third light’) dilutes the transits in the WASP
lightcurve, making them appear more shallow.
2.1.1. Spectroscopic follow-up
Initial spectroscopic reconnaissance was carried out
between 2008 and 2010 using the high efficiency mode
(HE mode; R = 40, 000) of the SOPHIE spectrograph
(Perruchot et al. 2008; Bouchy et al. 2009) mounted
on the 1.93-m telescope of the Observatoire de Haute-
Provence (OHP), resulting in the acquisition of 11 spec-
tra. Radial velocities (RVs) were derived through cross-
correlation with a spectral mask suitable for a star of
G2 spectral type. The separation of the binary com-
ponents is smaller than the fibre diameter of SOPHIE
(3 ′′), and thus the RVs obtained from this instrument
are contaminated by the contribution of the companion.
These data show a sinusoidal variation in radial velocity
(RV) with a period of ∼ 2.66 days, in disagreement with
the period initially identified in the WASP lightcurves.
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Further spectroscopic observations were made using
the fibre-fed CORALIE spectrograph (R = 50, 000) at
the Euler-Swiss telescope at ESO’s La Silla observatory,
and using HARPS (R = 100, 000) at the ESO 3.6 m tele-
scope, also at La Silla. A total of 31 observations were
made using CORALIE between 2009 January 03 and
2014 June 24. For details of the instrument and data re-
duction procedure, see Queloz et al. (2000b) and Wilson
et al. (2008). RVs were derived using cross-correlation
with a spectral mask suitable for a G2-type star, and
confirmed the ∼ 2.66 day period as the correct one. Un-
fortunately, while the CORALIE guiding camera is able
to identify the presence of both stellar components, the
aperture of the spectrograph (2 ′′) is insufficiently small
to access a single stellar component at a time. The
CORALIE spectra are therefore also contaminated by
light from the companion star. The level of contami-
nation is seeing dependent owing to the close similarity
of the aperture size and binary separation, rendering a
correction to the RVs both uncertain and difficult to
make.
Eight observations of the brighter binary component
(hereafter WASP-85 A), and five observations of the
fainter companion star (hereafter WASP-85 B) were
made using HARPS. The small spectrograph aperture
(1′′ diameter) and good seeing allowed the components
to be observed separately, with little contamination
from the other star. RVs were extracted in the same
manner as for the CORALIE observations.
We ruled out possible false positive sources of the RV
variation (e.g. background eclipsing binaries or stel-
lar activity) by examining both the bisector spans and
full widths at half maximum (FWHM) of our cross-
correlation functions (CCFs; Figure 1). Typically, an
anti-correlation between the bisector and RV data indi-
cates that stellar activity is producing a false positive
detection through distortions of the stellar absorption
lines (Queloz et al. 2001; Figueira et al. 2013); we tested
for this by conducting both a Spearman Rank Correla-
tion test and a Pearson Rank Correlation test on the
relative RV and bisector data for WASP-85 A. We ob-
tain a Spearman Rank Correlation coefficient of −0.11
with a p-value of 0.47, and a Pearson Rank Correlation
coefficient of −0.13 with a p-value of 0.35, insufficient to
reject the null hypothesis of no correlation. As a further
test, we carried out a linear fit to the data using orthog-
onal distance regression (odr). This returned a gradient
of 0.002 with a significance of less than 0.5σ. We con-
clude that there no statistically significant correlation
between RV and bisector for WASP-85 A.
We also plot the FWHM of our radial velocity ob-
servations as a function of orbital phase, checking for
variations in phase that might indicate a false positive
(Santerne, Moutou, & Bouchy 2011). None are seen
(see Figure 1). We confirm which binary component is
the planet host by checking for phasing of the HARPS
radial velocity observations. The observations of WASP-
85 A show variations in phase with both the photome-
try, and with the CORALIE and SOPHIE observations,
while the observations of WASP-85 B show variations
that are not correlated with the phase determined from
the lightcurve, and show no other significant periodicity.
We list our RV data in Table 1, along with the bisec-
tor spans, which measure the asymmetry of the cross-
correlation functions (CCFs), and the FWHMs of the
CCFs. Conservatively, the uncertainties on the bisec-
tors were taken to be twice the uncertainty on the RV,
while those on the FWHMs were taken to be 2.35 times
the RV uncertainty. There is no indication of any time-
dependent variation in our RV data.
2.1.2. Photometric follow-up
Follow-up photometric observations to solidify the
planet’s ephemeris, and check for transit timing shifts,
were carried out using the James Gregory Telescope
(JGT) at the University of St Andrews Observatory, the
robotic TRAnsiting Planets and PlanetesImals Small
Telescope (TRAPPIST; Jehin et al. 2011) at La Silla,
the Euler-Swiss telescope using EulerCam (Lendl et al.
2012), also at La Silla, and the Liverpool Telescope (LT;
Steele et al. 2004) on La Palma using the IO:O instru-
ment. These observations are summarised in Table 4.
The resolutions and pixel scales of the telescopes and
instruments used for photometric follow-up were insuffi-
cient to distinguish the companion star. All lightcurves
are therefore a blended combination of light from the two
stellar components, and exhibit diluted transit depths.
2.1.3. K2 observations
In the course of our follow-up campaign for the WASP-
85 system, the first set of proposed K2 field coordi-
nates were announced. Cross-checking the coordinates
of WASP-85 with these fields showed that the system
would be visible to K2 during Campaign 1, and would in
fact fall on silicon. We submitted a proposal1 to acquire
observations of WASP-85; the system was subsequently
selected for observation and assigned the EPIC identi-
fication number 201862715. Four other K2 Campaign 1
proposals that included WASP-85 were also selected.
Pointing drift is the strongest error source in K2 data
(Vanderburg & Johnson 2014), and several pipelines ex-
ist to produce corrected lightcurves (e.g Vanderburg &
1 K2 proposal GO1041
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Table 1. Radial velocity data of WASP-85 A and WASP-85 B, obtained using HARPS, and of the two components combined,
obtained using SOPHIE and CORALIE.
BJDTDB RV σRV Bisector σbis FWHM σFWHM
−2450000
(days) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
SOPHIE
4820.64118 13.579 0.024 -0.012 0.048 10.100 0.056
4821.64438 13.367 0.019 0.004 0.038 10.059 0.045
4822.60638 13.506 0.017 -0.010 0.034 9.976 0.040
4823.61708 13.565 0.016 -0.017 0.032 9.949 0.038
4824.70288 13.365 0.015 0.017 0.030 9.855 0.035
4824.72498 13.363 0.015 0.001 0.030 9.851 0.035
4834.64438 13.417 0.017 -0.006 0.034 10.023 0.040
4835.64718 13.389 0.016 0.007 0.032 9.964 0.038
4836.60168 13.586 0.017 -0.003 0.034 9.956 0.040
5304.44298 13.533 0.013 -0.006 0.026 9.924 0.031
5305.39608 13.386 0.013 -0.011 0.026 9.974 0.031
CORALIE
4834.834967 13.42322 0.00643 -0.00053 0.01286 8.91982 0.01511
4836.811531 13.58281 0.00719 -0.03262 0.01438 8.93960 0.01690
5675.670857 13.67921 0.00577 0.01552 0.01154 8.87000 0.01356
5676.638783 13.42716 0.00652 0.00368 0.01304 8.85258 0.01532
5677.666565 13.53687 0.00696 0.00109 0.01382 8.89084 0.01636
5679.634306 13.42072 0.00577 -0.01245 0.01154 8.82570 0.01356
5684.661489 13.42964 0.00617 -0.03682 0.01234 8.85497 0.01450
5706.548896 13.45416 0.00613 0.00763 0.01226 8.83622 0.01441
5707.572297 13.67309 0.00644 0.00705 0.01288 8.84507 0.01513
5712.520574 13.53203 0.00614 -0.00174 0.01228 8.85190 0.01443
5715.509353 13.67937 0.00582 -0.03608 0.01164 8.84725 0.01368
6020.746523 13.69205 0.00663 -0.01937 0.01326 8.89409 0.01558
6030.562877 13.41197 0.01331 0.00647 0.02662 8.87074 0.03128
6031.594135 13.65143 0.00757 -0.02514 0.01514 8.86701 0.01779
6031.738294 13.64104 0.01067 -0.01863 0.02134 8.85919 0.02507
6032.538879 13.37756 0.00838 -0.02683 0.01676 8.85724 0.01969
6067.600608 13.44722 0.00618 0.00095 0.01236 8.79800 0.01452
6068.533616 13.66361 0.00625 -0.04270 0.01250 8.81772 0.01469
6069.488518 13.46423 0.00933 -0.00556 0.01866 8.84598 0.02193
6070.519073 13.49368 0.00767 -0.00073 0.01534 8.82180 0.01802
6071.591742 13.65052 0.00686 -0.02006 0.01372 8.81989 0.01612
6116.471681 13.69886 0.00569 0.00593 0.01138 8.79002 0.01337
6339.779756 13.66741 0.00689 -0.00840 0.01378 8.89293 0.01619
6341.810736 13.61604 0.00753 -0.04102 0.01506 8.89167 0.01770
6342.674625 13.57377 0.00815 -0.02626 0.01630 8.93949 0.01915
6362.859062 13.54098 0.01032 0.00550 0.02064 8.87031 0.02425
6365.798530 13.63578 0.00726 -0.01186 0.01452 8.89014 0.01706
6366.844086 13.51656 0.00874 -0.00777 0.01748 8.87421 0.02054
6697.826971 13.64283 0.00695 -0.03800 0.01390 8.98653 0.01633
6741.736317 13.43313 0.00603 -0.02803 0.01206 8.88454 0.01417
6833.496459 13.67453 0.00717 -0.03279 0.01434 8.86483 0.01685
HARPS star A
6020.588912 13.74735 0.00316 -0.00958 0.00632 7.59818 0.00743
6020.736685 13.76810 0.00337 0.00149 0.00674 7.61603 0.00792
6028.594310 13.73631 0.00405 -0.01231 0.00810 7.58601 0.00952
6029.582170 13.55755 0.00467 -0.02840 0.00934 7.61188 0.01097
6029.742186 13.50857 0.00598 0.00692 0.01196 7.59248 0.01405
6030.572124 13.45497 0.01833 -0.05632 0.03666 7.54788 0.04308
6031.573927 13.72069 0.00478 -0.01092 0.00956 7.60938 0.01123
6032.541680 13.46784 0.00449 -0.01581 0.00898 7.60061 0.01055
HARPS star B
6020.602442 13.07700 0.00573 -0.01224 0.01146 7.90081 0.01347
6020.745898 13.09952 0.00558 -0.02263 0.01106 7.88332 0.01311
6028.603233 13.15039 0.00614 -0.04569 0.01228 7.84657 0.01443
6029.591232 13.13818 0.00822 -0.02829 0.01644 7.84906 0.01932
6029.750461 13.18411 0.00863 -0.02544 0.01726 7.76341 0.02028
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Figure 1. Upper panel: Radial velocity bisector span plot-
ted as a function of relative radial velocity for the WASP-85
system. The uncertainties in the bisector measurements are
taken to be 2.0 × σRV. CORALIE data are denoted by cir-
cles, SOPHIE data by stars. HARPS data are denoted by
upwards triangles for WASP-85 A, and by downwards trian-
gles for WASP-85 B. The shading indicates the observation
date. The solid line represents an odr linear fit to the data for
WASP-85 A, with the shaded region indicating the 1σ limits
to the fit. No statistically significant correlation is found.
Lower panel: Radial velocity full width at half maximum
(FWHM) as a function of orbital phase. The uncertainties in
the FWHMs are taken to be 2.35×σRV. The FWHM values
have been offset from the minimum value for each data set
to allow comparison. Legend as for the upper panel. There
is no clear variation with orbital phase.
Johnson 2014; Armstrong et al. 2014; Aigrain, Parvi-
ainen & Pope 2016; Luger et al. 2016). We use the short
cadence lightcurve produced by Mocˇnik et al. (2015)2 for
our analysis, as shown in Figure 2. The transit depth
is approximately 0.016 magnitudes, less than the tran-
sit depth observed in the WASP photometry. Table 10.
This is to be expected given the large pixel scale of the
Kepler spacecraft’s CCD (3.98′′ per pixel) and its point-
spread function (FWHM of 6′′), which mean that the
stellar components of the system will be blended to-
gether (as is the case for our other photometry). The
depth discrepancy is as expected given the Kepler pass-
band, the peak transmission of which roughly coincides
with the peak transmission of the Johnson R filter (Rowe
et al. 2009).
2.2. WASP-116
WASP-116 also lies close to the celestial equator, and
like WASP-85 A B was observed by both SuperWASP
and WASP-South. 22051 photometric data were ob-
tained between 2008-07-30 and 2010-12-27. A candidate
planetary transit signal was first identified in a combined
analysis of both sets of photometry, and the system was
selected for photometric and spectroscopic follow-up to
confirm the presence of an orbiting body, and charac-
terise the signal.
2.2.1. Spectroscopic follow-up
Spectroscopic follow-up of the candidate planet was
initiated in 2013 as part of the long-term WASP follow-
up program using SOPHIE. The first set of data con-
firmed the 6.6 day period seen in the WASP photom-
etry, showing clear sinusoidal variation on that period,
and with the predicted phase. Further observations were
made using SOPHIE to constrain both the RV semi-
amplitude, thereby allowing for rejection of false posi-
tive scenarios, and the orbital eccentricity. All SOPHIE
data were obtained in HE mode. Several observations
were also made with CORALIE. The optical fibre of
CORALIE was replaced in 2014 November, leading to
an offset in the instrument’s zero point. One of our
RV data for WASP-116 was obtained after the fibre re-
placement; this is clearly indicated in Table 2, and was
excluded from our analysis.
All SOPHIE and CORALIE data were reduced us-
ing their respective standard data reduction pipelines.
Our spectroscopic observations show that the candidate
planet hosting star is a single point source (within the
resolution of the instruments). We list our RV data,
2 Note that these authors reference an earlier version of this
work in their analysis
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Figure 2. Upper panel: K2 long cadence photometry of
EPIC201862715 / BD+07◦2474 / WASP-85, as produced
by the everest pipeline. The planetary transit signatures
are clearly visible, as is variation arising from stellar activ-
ity. This stellar activity signal is of lower amplitude than
the planetary transits. Lower panel: The K2 short cadence
lightcurve, as produced using the SFF procedure detailed in
Mocˇnik et al. (2015).
bisector spans, and CCF FWHMs for WASP-116 in Ta-
ble 2. We note that one of the SOPHIE data, marked
with ∗ in Table 2, has an uncertainty 1.4 times the stan-
dard deviation of the SOPHIE dataset. We therefore
exclude this datum from our analysis.
Both the Spearman Rank Correlation and Pearson
Rank Correlation tests return a correlation coefficient
of −0.14 with a p-value of 0.39. A linear, odr fit to the
data for WASP-116 returned a gradient of −0.15 that
is significant at the 1.5σ level. These tests suggest a
possible correlation between the bisector and RVs, but
the evidence is marginal and insufficient to reject our
null hypothesis that the two parameters are uncorre-
lated. We therefore proceed under the assumption that
the signal we have detected is due to a planetary transit.
We also find no significant correlation between FWHM
and the orbital phase, and the colour-mapping of our
data with time (see Figure 3) shows no indication of a
time-dependent signal.
2.2.2. Photometric follow-up
Follow-up photometric observations of WASP-116
were carried out using TRAPPIST and EulerCam. De-
tails of the observations can be found in Table 4. Two
transits of the candidate planet were observed, on 2013
November 05 and 2013 November 25, with both events
being covered by both telescopes. As the two instru-
ments are fitted with different filters, this allows us
to compare the simultaneous transit depth at different
wavelengths, and to check for wavelength dependent
activity signatures.
Unfortunately, none of our follow-up observations
were able to capture a full transit of this planet ow-
ing to the long duration of the transits. This will be
discussed further in Section 6.
2.3. WASP-149
2MASS J08161768− 0841121, from hereon referred to
as WASP-149, was another equatorial candidate ob-
served by both WASP telescopes; between 2009-11-
20 and 2012-03-31 they obtained a combined 12466
data. A potential planetary transit signal was identi-
fied in WASP data, but there was some ambiguity as
to whether the putative signal had a period of ∼ 4 days
or ∼ 1.33 days. The candidate was thus put forward for
photometric and spectroscopic follow-up, with the aim
of confirming the signal and resolving this degeneracy.
2.3.1. Spectroscopic follow-up
Observations of this candidate were started in 2013
using the CORALIE instrument, and attempted to con-
firm the 4 day period. Two observations showed some
CCF movement, but did not appear to phase with the
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Table 2. Radial velocity data of WASP-116, obtained using SOPHIE and CORALIE. The uncertainty on the bisectors is taken
to be twice the uncertainty on the RVs. The uncertainty on the FWHMs is taken to be 2.35 times the RV uncertainty.
BJDTDB RV σRV Bisector σbis FWHM σFWHM
−2450000
(days) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
SOPHIE
6299.24328 −11.046 0.018 0.027 0.036 10.05 0.042
6300.22228 −11.083 0.022 0.013 0.044 10.06 0.052
6302.26078 −11.011 0.017 −0.046 0.034 10.11 0.040
6310.29808 −10.940 0.037 0.021 0.074 10.09 0.087
6330.27918∗ −10.990 0.072 0.270 0.144 10.02 0.169
6331.26068 −11.008 0.027 0.089 0.054 10.08 0.063
6551.59778 −11.082 0.018 0.009 0.036 9.93 0.042
6552.61848 −11.061 0.022 −0.029 0.044 9.97 0.052
6553.56688 −11.028 0.025 −0.008 0.050 10.06 0.059
6567.49948 −10.975 0.018 0.012 0.036 10.06 0.042
6577.55268 −11.111 0.019 0.023 0.038 10.05 0.045
6581.58488 −10.964 0.024 −0.034 0.048 10.04 0.056
6597.45098 −11.073 0.014 0.033 0.028 10.09 0.033
6600.49948 −10.940 0.027 −0.012 0.054 10.14 0.063
6602.49448 −11.007 0.020 −0.019 0.040 9.96 0.047
CORALIE
6508.8620326 −10.92283 0.02181 0.08021 0.04362 8.70999 0.05125
6510.8804376 −11.01980 0.02096 0.06583 0.04192 8.81294 0.04926
6518.8915136 −11.03056 0.01808 −0.00868 0.03616 8.78371 0.04249
6519.8641576 −10.98031 0.02019 0.01792 0.04038 8.80865 0.04745
6523.7873716 −10.99901 0.02150 0.03782 0.04300 8.86109 0.05053
6538.8584086 −11.03957 0.03191 −0.01614 0.06382 8.89689 0.07499
6545.7705586 −10.99540 0.01488 0.05839 0.02976 8.78606 0.03497
6547.8947706 −10.93466 0.01628 0.04937 0.03256 8.77566 0.03826
6551.7635496 −11.05561 0.02249 0.01273 0.04498 8.71422 0.05285
6565.7431286 −11.00259 0.01635 0.02089 0.03270 8.85319 0.03842
6567.8578506 −10.92141 0.02155 −0.00302 0.04310 8.87476 0.05064
6572.8046436 −11.00918 0.01584 0.00635 0.03168 8.80846 0.03722
6573.7927496 −10.96768 0.01883 0.00517 0.03766 8.83873 0.04425
6575.7040016 −10.95489 0.01275 0.03106 0.02550 8.75474 0.02996
6577.7332716 −11.04935 0.01469 0.01507 0.02938 8.86127 0.03452
6592.6820456 −11.00353 0.02103 0.02368 0.04206 8.73453 0.04942
6603.5777036 −10.99557 0.01597 0.06029 0.03194 8.83141 0.03753
6624.6910646 −11.07812 0.01675 0.02754 0.03350 8.79412 0.03936
6648.6532706 −10.95060 0.01791 0.05007 0.03582 8.77758 0.04209
6689.5415156 −11.03724 0.02143 0.07613 0.04286 8.94664 0.05036
6852.8902586 −10.94400 0.02443 −0.10434 0.04886 8.77811 0.05741
6879.8304196 −10.95937 0.01998 0.00450 0.03996 8.80966 0.04695
6962.7440926 −10.97398 0.01573 0.06803 0.03146 8.76906 0.03697
7288.8624286† −10.87388 0.04897 0.03121 0.09794 8.65461 0.07334
∗Datum excluded from our analysis, as the uncertainty on the measurement is 1.4 times
the standard deviation of the SOPHIE RV data.
† Datum obtained after the optical fibre of the CORALIE instrument was replaced, and
excluded from our analysis.
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Figure 3. Upper panel: Radial velocity bisector span plot-
ted as a function of relative radial velocity for the WASP-
116 system. The uncertainties in the bisector measurements
are taken to be 2.0 × σRV. CORALIE data are denoted by
circles, SOPHIE data by stars. The shading indicates the
observation date. The solid line represents an odr linear fit
to the data, with the shaded region indicating the 1σ limits
to the fit. No statistically significant correlation is found.
Lower panel: Radial velocity full width at half maximum
(FWHM) as a function of orbital phase. The uncertainties in
the FWHMs are taken to be 2.35×σRV. The FWHM values
have been offset from the minimum value for each data set
to allow comparison. Legend as for the upper panel. There
is no clear variation with orbital phase.
ephemeris predicted by the WASP photometry. How-
ever, initial observations with SOPHIE in HE mode
favoured the 1.33 day period; this was subsequently con-
firmed by further observations obtained by both instru-
ments. Nine of our eleven CORALIE data were obtained
after the instrument was upgraded to use octagonal fi-
bres (Bouchy et al. 2013); these are clearly marked in
Table 3.
The bisector spans of our data show no indication of a
significant correlation with the RVs; we obtain a Spear-
man Rank Correlation coefficient of 0.11 with a p-value
of 0.61, and a Pearson Rank Correlation coefficient of
0.14 with a p-value of 0.49, insufficient to reject the null
hypothesis of no correlation. In addition, an odr linear
fit returned a slope of 0.03 with only 0.75σ significance,
further supporting the null hypothesis. The FWHMs
of our RV CCFs show no correlation with orbital phase
(See Figure 4), allowing us to rule out background eclips-
ing binaries as a source of false positive. We list our RV
data, bisector spans, and CCF FWHMs for WASP-149
in Table 3. Our data show no additional dependence on
time, indicating that there is no additional component
to the radial velocity curve within our detection capa-
bility.
2.3.2. Photometric follow-up
Additional transits of WASP-149 were observed on
2015-01-29 by the NITES telescope (McCormac et al.
2014), on 2015-02-06, 2015-05-05, and 2015-11-26 by
TRAPPIST, and on 2015-04-07 and 2015-12-20 by Eu-
lerCam. We summarise the observational details in Ta-
ble 4. The NITES observations were affected by poor
weather conditions, which led to the egress phase of the
transit being missed.
During the photometric reduction and quality control
process for our NITES observations, we noticed that
the depth of the transit appeared greater than in the
WASP photometry. Variable transit depth across dif-
ferent wavelength bands can be an indicator of a stellar
blend (the chromatic depth effect). We rule out this
possibility however, as initial processing of the Euler-
Cam and TRAPPIST lightcurves showed a depth con-
sistent with the NITES data. We therefore carried out a
visual inspection of the CCD images, photometric aper-
ture sizes, and aperture positions for the different tele-
scopes. We found that a nearby star approximately 14′′
from WASP-149 was within the photometric aperture of
the WASP pipeline, but was excluded from the apertures
of the follow-up telescopes. The additional light from
this nearby star, which is three magnitude fainter in the
Cousins V-band, dilutes the transit depth in the WASP
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Table 3. Radial velocity data of WASP-149, obtained using SOPHIE and CORALIE. The uncertainty on the bisectors is taken
to be twice the uncertainty on the RVs. The uncertainty on the FWHMs is taken to be 2.35 times the RV uncertainty.
BJDTDB RV σRV Bisector σbis FWHM σFWHM
−2450000
(days) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
SOPHIE
6974.60728 17.843 0.014 −0.025 0.028 9.98 0.033
6977.63448 18.038 0.011 −0.044 0.022 10.13 0.026
6979.67708 17.696 0.019 −0.070 0.038 10.16 0.045
6980.60698 17.821 0.011 −0.028 0.022 10.32 0.026
6981.61398 18.019 0.010 −0.017 0.020 10.21 0.024
6982.62788 17.861 0.011 −0.037 0.022 10.26 0.026
7020.54928 17.911 0.009 −0.015 0.018 10.13 0.021
7021.57798 18.038 0.011 −0.057 0.022 10.13 0.026
7022.56938 17.887 0.013 0.013 0.026 10.16 0.031
7046.47018 17.771 0.011 −0.002 0.022 10.05 0.026
7047.53348 17.689 0.020 0.010 0.040 10.14 0.047
7076.37568 18.022 0.012 −0.049 0.024 10.10 0.028
7109.38608 17.986 0.016 0.036 0.032 10.12 0.038
7126.34078 17.708 0.011 −0.045 0.022 10.10 0.026
7127.36228 17.735 0.011 −0.015 0.022 10.07 0.026
CORALIE
6638.8142676 17.97631 0.00839 −0.00546 0.01678 8.90925 0.01972
6654.8653156 18.01372 0.00764 0.00688 0.01528 8.95116 0.01795
7018.7074576† 17.99631 0.01200 −0.00687 0.02400 8.83967 0.02820
7020.8626416† 17.73665 0.01519 0.00147 0.03038 8.87557 0.03570
7067.6686716† 17.74847 0.01124 −0.04912 0.02248 8.88957 0.02641
7072.6149356† 17.83694 0.01517 −0.01860 0.03034 8.88222 0.03565
7091.6585966† 17.76987 0.01064 −0.04084 0.02128 8.93022 0.02500
7118.5582976† 17.90752 0.02122 0.02073 0.04244 8.90237 0.04987
7119.5134406† 17.69858 0.01821 −0.02779 0.03642 8.85840 0.04279
7120.6416236† 17.80387 0.02190 0.00955 0.04380 8.85474 0.05147
7121.5465266† 18.08196 0.01788 0.01362 0.03576 8.87989 0.04202
† Ddata obtained after the optical fibre of the CORALIE instrument was replaced.
These are fit as a separate dataset to account for an offset between the pre- and
post-upgrade baseline.
lightcurve, making it appear more shallow, but does not
affect the transit depth in the follow-up lightcurves.
We will return to the subject of WASP-149’s transit
depth in Section 7.
3. STELLAR PARAMETERS
As in previous WASP discovery papers, we determine
the parameters of the planets’ host stars through de-
tailed spectral analysis. Using standard data reduction
pipeline products, we follow Doyle et al. (2013) and co-
add the spectra obtained from a single instrument to
produce a single, master spectrum with improved SNR.
Stellar effective temperatures (Teff) are determined us-
ing the excitation balance of available Fe i lines. Na i D
lines, the 6439 A˚ Ca i line, and the ionisation balance of
Fe i and Fe ii, are used as diagnostics of surface grav-
ity (log g?)
3. The Fe i lines are also used to estimate a
value for the stellar microturbulence velocity using the
method of Magain (1984). Stellar iron abundance with
respect to the Sun is determined from equivalent width
measurements of several unblended lines. Where possi-
ble, we calculate the activity index, log(R′HK), using the
core of Ca ii H+K lines from spectra with SNR greater
than some threshold (dependent on the quality of avail-
able spectra; SNR > 4 for 85 A, > 2 for 85 B).
We calculate the projected stellar rotation velocity
(v sin I?) by fitting the profiles of several unblended lines,
dependent on the quality and source of the spectra, and
estimate the stellar macroturbulence velocity using the
calibration of Doyle et al. (2014). Finally, we cross-
3 The exact list of lines used is dependent on the resolution of
the instrument from which the spectra are taken
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Figure 4. Upper panel: Radial velocity bisector span plot-
ted as a function of relative radial velocity for the WASP-149
system. The uncertainties in the bisector measurements are
taken to be 2.0 × σRV. CORALIE data are denoted by cir-
cles, SOPHIE data by stars. The shading indicates the ob-
servation date. No correlation with time is seen. The solid
line represents an odr linear fit to the data, with the shaded
region indicating the 1σ limits to the fit. No statistically
significant correlation is found. Lower panel: Radial veloc-
ity full width at half maximum (FWHM) as a function of
orbital phase. The uncertainties in the FWHMs are taken
to be 2.35× σRV. The FWHM values have been offset from
the minimum value for each data set to allow comparison.
Legend as for the upper panel. There is no clear variation
with orbital phase.
Table 4. Summary of photometric follow-up observations
for WASP-85, WASP-116, and WASP-149.
Instrument Date Filter Ndata Cadence
(s)
WASP-85
JGT 2009-03-20 Cousins R 237 47
IO:O 2013-01-12 Sloan z′ 146 95
IO:O 2013-01-28 Sloan z′ 146 37
EulerCAM 2013-03-23 RG 186 67
TRAPPIST 2013-03-31 Sloan z′ 569 23
TRAPPIST 2013-04-16 Sloan z′ 615 23
TRAPPIST 2013-05-09 Sloan z′ 503 21
TRAPPIST 2013-05-25 Sloan z′ 626 20
WASP-116
TRAPPIST 2013-11-05 Blue-blocking 1193 18
EulerCam 2013-11-05 NGTS 197 78
TRAPPIST 2013-11-25 Blue-blocking 1199 18
EulerCam 2013-11-25 NGTS 277 78
WASP-149
NITES 2015-01-29 − 444 27
TRAPPIST 2015-02-06 Sloan z′ 532 23
EulerCam 2015-04-07 ZG 196 57
TRAPPIST 2015-05-05 Sloan z′ 465 24
TRAPPIST 2015-11-26 Sloan z′ 507 25
EulerCam 2015-12-20 ZG 265 48
The RG filter used in EulerCam is a modified broad Gunn-R
filter, with a central wavelength of 660 nm. The NGTS filter is
that used by the NGTS project (Wheatley et al. 2018); it has a
custom wavelength range of 550− 900 nm.
reference our value for Teff with Table B.1 in Gray (2008)
to estimate the spectral type of the star, and use the Tor-
res et al. (2010) calibration to determine stellar mass and
radius.
The results of this analysis for the systems we present
herein are summarised in Table 5; the quoted uncertain-
ties account for the errors in Teff and log g? as well as the
additional scatter induced by measurement and atomic
data uncertainties.
We also cross-match the coordinates of our target stars
with the Gaia Data Release 2 (DR2) catalogue (Gaia
Collaboration et al. 2016, 2018), and in Table 5 we in-
clude the Gaia magnitude, proper motions, and paral-
laxes. To derive the distances, we corrected the listed
parallaxes for the global offset of −82 ± 33µas found
by Stassun & Torres (2018). The parallax distance for
WASP-85 A agrees with the value of 125 ± 80 pc that
we derive using the infra-red flux method. We also
determine radii for the stars following Andrae et al.
(2018), assuming zero extinction and using the Teff val-
ues derived from the HARPS spectra. The results agree
well for WASP-85A (R?,G = 0.94 ± 0.02R), but for
both WASP-116 (R?,G = 1.55 ± 0.05R) and WASP-
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149 (R?,G = 1.02 ± 0.04R) the radius derived from
Gaia data is significantly smaller than the value in Ta-
ble 5. This implies that our assumption of zero extinc-
tion is incorrect. We estimate that extinction values of
0.16 ≤ AG ≤ 0.65 for WASP-116 and 0.40 ≤ AG ≤ 0.86
for WASP-149 are required to bring the Gaia radii in
line with the values in Table 5.
3.1. Stellar activity
Using the HARPS spectra with S/N > 4 for the core of
the Ca ii H+K lines, we calculate the log(R′HK) activity
index using the emission in the cores of the Ca ii H+K
lines following Noyes et al. (1984). We find an activ-
ity index of log(R′HK) = −4.43+0.06−0.02 for WASP-85 A. For
WASP-85 B we find log(R′HK) = −4.37+0.09−0.04 using spec-
tra with S/N > 2.
Comparing the Ca ii H+K indices for the two stellar
components of WASP-85 to the sample of Jenkins et al.
(2006, 2008, 2011), we find that both stars fall within
the ‘very active stars’ region of Figure 4 in Jenkins et
al. (2006). This is confirmed by Figure 10 of Jenkins et
al. (2008) and Figure 6 of Jenkins et al. (2011), where
in both cases the two stars fall within the secondary,
‘active’ peak in the log(R′HK) distribution. Comparison
to the sample of Henry et al. (1996) shows that both
stars fall in the ‘active’ class of stars.
Comparing to the sample of planet hosting stars exam-
ined by Knutson et al. (2010), we see that WASP-85 A
is more active than all but one of the stars considered.
Only CoRoT-2 is more active. It may be that we have
simply observed the system at the peak of the activity
cycle, leading to an apparently greater level of activity.
However, if we consider the solar cycle then the typical
variation is ∼ 0.2 dex; converting the solar Ca ii H+K
values presented in Livingston et al. (2007) indicates val-
ues of log(R′HK) = −4.978 and −4.803 at solar minimum
and maximum, respectively. Measurements of activity
during the Maunder Minimum (Donahue & Bookbinder
1998) indicate log(R′HK) = −5.102 during that particu-
larly inactive period in the Sun’s life, giving a pessimistic
variation from maximum of ∼ 0.3 dex. If we apply this
to WASP-85 A, then even at stellar ‘minimum’ it will
be more active than the Sun at solar maximum, and
will still be classified in the ‘active’ class of Henry et al.
(1996). It therefore seems that these stars are unusually
active for solar-type stars.
3.2. Starspot modulation
3.2.1. WASP data
We carried out a search for stellar modulation in the
WASP lightcurves of our targets using the method de-
scribed in Section 4 of Maxted et al. (2011). The rel-
atively short lifetime of surface magnetic features im-
plies that star spot induced variability is incoherent on
long timescales. We therefore separated the data ac-
cording to the year of observation, and fit a simple
transit model following Mandel & Agol (2002) to re-
move the transit signatures. A modified, generalised
Lomb-Scargle periodogram (e.g. Zechmeister & Ku¨rster
2009), computed using the method of Press & Rybicki
(1989) over 4096 uniformly spaced frequencies from 0 to
2.5 cycles/day, was used to search for significant period-
icity in the lightcurves. False alarm probabilities (FAP)
were calculated using a Monte Carlo bootstrap method
(Maxted et al. 2011).
No signal was found in any of the yearly data sets for
either WASP-116 or WASP-149. We place upper limits
on the amplitude of any modulation of 2 mmag (95%
confidence) and 1.5 mmag (95% confidence) for WASP-
116 and WASP-149, respectively. However, significant
periodicities were found in the WASP-85 data; the re-
sulting periodograms are shown in Figure 5, and the pa-
rameters for the most significant peaks are given in Ta-
ble 6. In the 2009, 2010, and 2011 data there are sig-
nificant peaks at approximately 15 days. We associate
this with the stellar rotation of one of the stellar com-
ponents. The shorter period found in the 2008 data is
approximately Prot/2, and easily explained by the pres-
ence of two active regions on opposite sides of the star.
This would produce a photometric signature at twice the
rotational frequency, and will contribute power in other
seasons as well, but less dominantly. Note that there
is significant power at periods close to 1 day in all four
seasons. This likely arises as a result of the diurnal ob-
serving schedule forced upon WASP by its ground-based
nature.
We estimate a mean rotation period of 14.6± 1.5 days
using the results from all four seasons (after doubling
the 2008 period). This value is in good agreement with
the rotation period of 14.2 ± 4 d implied by the values
of v sin I? and the stellar radius of WASP-85 A. How-
ever it is also in agreement with the rotation period of
11.7± 4 days implied for WASP-85 B, making it impos-
sible to determine which star the rotational modulation
originates from using this data alone. However, we are
able to associate this rotation period with the planet
hosting WASP-85 A based on analysis of the K2 data
(see below).
We whiten the four sets of data by fitting a har-
monic series with P0 = Prot/2 as the fundamental pe-
riod. The number of terms in the series was deter-
mined by minimising the Bayesian Information Crite-
rion (Schwarz 1978). The resulting fit was divided-out,
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Table 5. Summary of the stellar parameters for our target stars. Unless otherwise noted these were determined through
analysis of co-added spectra, or derived from the results of said analysis.
Parameter WASP-85 A WASP-85 B WASP-116 A WASP-149 A Units
RA 11h43m38.01s 02h20m51.75s 08h16m17.67s J2000
DEC +06◦33′49.4′′ −01◦49′33.7′′ −08◦41′12.0′′ J2000
V 11.2 11.9 12.4 11.7 mag
B−V 0.670± 0.022 0.828+0.034−0.036 0.583 0.690
G† 10.62 11.54 12.26 11.26 mag
pmRA† −77.24± 0.08 − 8.63± 0.10 −1.57± 0.06 mas yr−1
pmDEC† −11.02± 0.07 − 1.86± 0.11 22.90± 0.05 mas yr−1
Parallax† 7.02± 0.06 − 1.76± 0.05 4.69± 0.04 mas
Distance† 141± 1 543± 18 209± 2 pc
Angular Separation 1.5± 0.1 − − ′′
Separation 210± 22 − − AU
Spectral type G5 K0 G0 G6
Teff 5685± 65 5250± 90 5950± 100 5750± 100 K
Mass, M? 1.04± 0.07 0.88± 0.07 1.25± 0.18 1.12± 0.17 M
Radius, R? 0.96± 0.13 0.77± 0.13 2.08± 0.15 1.23± 0.09 R
log g? 4.48± 0.11 4.61± 0.14 3.9± 0.1 4.3± 0.2 cgs
ξt 0.6± 0.1 0.9± 0.1 1.2± 0.1 1.0± 0.1 km s−1
vmac 2.93± 0.73 2.20± 0.73 4.6± 0.7 3.43± 0.73 km s−1
v sin I? 3.41± 0.89 3.32± 0.82 1.7± 1.1 4.6± 0.6 km s−1
Prot 14.6± 1.5 7.50± 0.03 − − days
logA(Li) 2.19± 0.06 < 0.70± 0.10 2.35± 0.08 < 0.8
[Fe/H] 0.08± 0.10 0.00± 0.15 −0.28± 0.1 0.16± 0.11
log(R′HK) −4.43+0.06−0.02 −4.37+0.09−0.04 − −
Masses and radii estimated using the calibration of Torres et al. (2010). Spectral Types estimated
from Teff using Table B.1 in Gray (2008). Iron abundances are relative to the solar value obtained
by Asplund et al. (2009). The rotation period for WASP-85 A is the mean of the periods determined
from a periodogram analysis of the WASP lightcurve. The rotation period for WASP-85 B was
determined through modelling of spot modulation in the K2 long-cadence lightcurve.
† Data from Gaia DR2. Note that the parallaxes listed here are from the Gaia catalogue, and do not
account for the global offset found by Stassun & Torres (2018).
Table 6. Results from the periodogram analysis of the four
seasons of WASP data for the WASP-85 system.
Year Ndata Period Amp FAP
(days)
2008 2559 6.644 0.003 0.0389
2009 6760 15.600 0.003 0.0011
2010 8157 13.130 0.003 0.0000
2011 2442 16.550 0.003 0.0002
Adopted 14.6± 1.5
and the lightcurves concatenated to produce a whitened
WASP lightcurve.
3.2.2. K2 data for WASP-85
The signature of stellar activity from one or other (or
both) of the binary components of WASP-85 A B is ap-
parent in the upper panel of Figure 2. Such photometric
modulation, which for WASP-85 has an amplitude ap-
proximately half of the transit depth, is a common fea-
ture of the lightcurves of young, low-mass stars, which
often have large numbers of star spots (e.g. Donati et
al. 2000). An initial Lomb-Scargle periodogram anal-
ysis of the lightcurve implies a period of 6.6 days for
the activity component, though we note that the power
at 13.3 days (double the period of the primary peak) is
very similar. Mocˇnik et al. (2015) analysed the photo-
metric modulation in the K2 short cadence data, find-
ing a stellar rotation period of 13.6 ± 0.1 days, roughly
commensurate with twice the period found by our peri-
odogram, and in agreement with the period we detect in
the WASP photometry. They also identified several in-
transit anomalies that can be attributed to the presence
of star spots, and used the recurrence of these spots in
consecutive transits to propose that the planet’s orbit is
misaligned with the rotation axis of its host star. Fu-
ture observations of the Rossiter-McLaughlin effect will
be needed to confirm this however.
We carry out our own modelling of the modulation in
the full K2 long-cadence lightcurve, following the meth-
ods described in Gillen et al. (2017). Briefly, we use
the general spot model of Dorren (1987), adapted to
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Figure 5. Periodograms for the four seasons of WASP data for the WASP-85 system. The year is given in the title of each
panel. The horizontal lines indicate false-alarm probability levels of FAP = 0.1, 0.01, and 0.001. In 2009, 2010, and 2011, a
significant peak is seen at approximately 15 days. The strongest peak in the 2008 data is at approximately half of this period.
work with both binary stars and an arbitrary number
of spots on each star. This model indirectly accounts
for differential rotation by making allowance for spots
on the same star to have different properties. The pa-
rameters of the model were the size, temperature (Tspot),
latitude, longitude, and rotational period (Pspot) of each
spot. We assume large, circular spots, and Is = 45
o for
both stars. We explore the potential parameter space of
spot properties using the affine invariant MCMC code
emcee (Foreman-Mackey et al. 2013), using 100 walkers
and running for 5000 steps (with 3000 previous steps dis-
carded as a ’burn-in’ phase), thinning the chains based
on the autocorrelation lengths of the model parameters,
and construct the final model by marginalising over the
parameters of the fit, i.e. we take the mean of 200 spot
light curves drawn from the converged MCMC walkers.
Like the system described in Gillen et al. (2017),
WASP-85 consists of two stars that are both likely to
have spots, and thus the modulation pattern could be
explained by the two stars having different rotation pe-
riods, or having spots at different latitudes, leading
to constructive / destructive interference of the signals
from spots on the two stars. We initially mask out
a roughly 5 day segment of the long cadence everest
lightcurve (Luger et al. 2016), just after the telescope ro-
tation that takes place midway through each K2 field,
as the characteristics of the data in this section of the
lightcurve don’t match the modulation through the rest
of the lightcurve; a similar effect is seen in the varcat
lightcurve of Armstrong et al. (2014). We first test a
two-spot model (Figure 6, upper panel), with two dif-
ferent size (and therefore temperature) spots on similar
periods, located on opposite longitudinal hemispheres of
the primary star. The upper panel of Figure 6 shows the
results of fitting the out-of-transit everest lightcurve
with the two-spot model.
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The two-spot model is able to recreate the general
modulation pattern, but cannot explain the variation in
the depth of the signal. We therefore test a three-spot
model, retaining the parameters of the spots from the
first model and adding a third spot on the second star
(Figure 6, lower panel). The effect of adding a third spot
is strongly dependent on the rotation period of WASP-
85 B. Leaving the period of the secondary left uncon-
strained produced a rotation period of 28 days, but our
Lomb-Scargle periodogram shows no power at this pe-
riod. Moreover, this period is incompatible with our
spectral analysis estimate of v sin Is = 3.32±0.82 km s−1
for the companion star. With a 28 day period and
the limiting case of Irms = 90
o, we expect v sin Is ∼
1.37 km s−1.
We thus return to our Lomb-Scargle periodogram,
which shows significant power at periods of 17.1 and
7.5 days. Testing an initial period for the third spot of
17.1 days gave a good fit, but forced the secondary pe-
riod out towards 19 days, which is not supported by the
periodogram. Using an initial period of 7.5 days gives
a model that returns a period supported by our other
analyses, and that suitably fits the large-scale modula-
tion features, including the previously masked section of
data that we include in the three-spot fit. We therefore
conclude that the rotation period of the binary compan-
ion is ∼ 7.5 days (for full results see Table 7).
Note that there are still significant residuals to the
fit of our three-spot model, as our simple model is not
able to fully reproduce the complexity of the modulation
signal. We stress that the results of our spot model
should not be interpreted literally, and are not meant to
fully capture the intricacies of the spot distributions on
the two stars; completely reproducing this would require
information that we do not have. Instead, our model
is designed to capture the overall representation of the
effect of spots on the K2 light curve.
Using the output of this model, we can constrain the
stellar inclination of the two binary components. We use
the stellar radii and v sin Is values obtained from spectral
analysis, together with our estimated spot rotation pe-
riods, to estimate stellar inclinations of IA = 66.8
o±0.7
and IB = 39.7
o± 0.2. Such a misalignment between the
rotation axes of the two stellar components is unsurpris-
ing Hale (1994)
Our result for the primary star agrees with the as-
sessment of Mocˇnik et al. (2015), who estimated a stel-
lar inclination of > 50o for the planet hosting WASP-
85 A. Mocˇnik et al. also estimated a projected obliquity
(the angle between the planet’s orbital axis and the host
star’s rotation axis) for WASP-85 A b of λ < 14o, which
we use with our estimates of the stellar and orbital in-
clinations to constrain the three-dimensional obliquity
of WASP-85 A b to be ψ < 27o. We therefore conclude
that the system is very likely to be aligned.
3.3. Stellar age
We use several independent methods to produce esti-
mates of the ages of our planetary systems. The results
are listed in Table 8.
3.3.1. Model fitting
We place constraints on stellar age using two differ-
ent model fitting methods. First, we use the method
of Brown (2014), applying it in [ρ
−1/3
? , Teff ] parameter
space as suggested by Sozzetti et al. (2007). We make
use of three different set of stellar models when using this
method: the Yonsei-Yale (YY) isochrones of Demarque
et al. (2004); the Padova models of Marigo et al. (2008);
Girardi et al. (2010), models from the Dartmouth Stel-
lar Evolution Database (DSED; Dotter et al. 2008). To
improve the accuracy of our age estimates, we make use
of independent measurements of ρ? and Teff ; the for-
mer derived directly from the photometric transits (see
Section 4), the latter estimated from stellar spectra (see
Section 3 above). In the case of WASP-85 B, as there is
no independent measure of ρ? we use the value derived
from the HARPS spectra. We account for the uncer-
tainty in [Fe/H] by carrying out model fits at both the
central values and the 1σ limits given in Table 5.
Our second method use the Bayesian fitting process
described in Maxted, Serenelli & Southworth (2014),
and available as the open source BAGEMASS4 code.
This uses the GARSTEC models of Weiss & Schlattl
(2008), as computed by Serenelli et al. (2013), and works
in [log(L?), Teff ]. Again, we use independent measure-
ments of the two parameters (except for WASP-85 B),
with L? computed from the results of our global mod-
elling (see Section 4).
3.3.2. Gyrochronology
For each of our target stars, we also estimate the ages
of the host stars using their estimated rotation periods.
We draw 104 samples from skewed Gaussian distribu-
tions in the projected stellar rotation, v sin Is, the stel-
lar radius, Rs, and the (B-V) colour. We assume that
the stellar rotation axis is perpendicular to the line of
sight. v sin Is and Rs values are taken from our spectral
analysis results (see Section 3), while the broad band (B-
V) colour indices are derived from AAVSO Photomet-
ric All-Sky Survey (APASS; Henden et al. 2012) data.
For each set of samples we derive an upper limit on
4 https://sourceforge.net/projects/bagemass/
16 D. J. A. Brown et al.
1980 1990 2000 2010 2020 2030 2040 2050 2060
Time (BJD− 2454833)
0.97
0.98
0.99
1.00
1.01
R
e
la
ti
v
e
fl
u
x
1980 1990 2000 2010 2020 2030 2040 2050 2060
Time (BJD− 2454833)
0.97
0.98
0.99
1.00
1.01
R
e
la
ti
v
e
fl
u
x
Figure 6. Out of eclipse long cadence K2 lightcurve as output by the everest pipeline (black data). Masked data are shown in
magenta. Overplotted are the combined spot model (cyan line) and individual spot models drawn from the posterior distribution
(grey lines). Vertically offset below the lightcurve are the individual star spot signals (dashed lines), and the residuals from
the star spot fit (grey data). Left: Two spot model, with both spots on the primary star (dashed red and blue curves). Right:
Three spot model, with two spots on the primary star (dashed red and green curves) and one on the secondary star (dashed
blue curve). Note that adding the third spot enables us to explain the broad characteristics of the previously masked section of
data.
Table 7. Parameters of the three-spot model for the K2 long cadence, everest lightcurve of WASP-85 A b B. Spots 1 and 3
are located on opposite hemispheres of the primary star (A), while spot 2 is located on the binary companion.
Parameter symbol 3-spot model Units
Spot 1 (star A) Spot 2 (star B) Spot 3 (star A)
Spot size α 16.43+2.33−2.43 12.86
+3.05
−2.62 18.85
+4.21
−4.12
o
Latitude β0 25.67
+8.71
−7.26 80.53
+3.40
−6.28 69.11
+8.64
−8.04
o
Longitude φ0 231.19
+1.58
−1.74 288.02
+3.41
−3.42 44.50
+2.99
−3.12
o
Period Pspot 13.09
+0.03
−0.04 7.50± 0.03 13.08± 0.05 days
Temperature Tspot 5519
+48
−59 4779
+163
−194 5540
+41
−49 K
Total flux of unspotted stars Fmax 1.008± 0.002 −
Jitter s 0.0009± 0.00004 −
RMS of Everest data rmsraw 0.00186 −
RMS of residuals rmsresidual 0.00085 −
RMS ratio rmsresid/rmsraw 0.46 −
the rotation period using the sampled values of v sin Is
and Rs, and calculate the age of the system using the
gyrochronology formulation of Barnes (2010), calculat-
ing the convective turnover timescale using Table 1 of
Barnes & Kim (2010) and setting P0 = 1.1 d. We take
the median value of the resulting age distribution as our
result. Since the derived rotation period is an upper
limit, this age is also an upper limit, assuming that the
star has spun-down in isolation.
For the WASP-85 system, we are also able to derive
gyrochronological ages for both stars using our measured
rotation periods from the WASP and K2 photometry.
3.3.3. Lithium abundance
Lithium is detected in WASP-85 A, with an equiva-
lent width of 53 mA˚, corresponding to an abundance
of logA(Li) = 2.19 ± 0.06. This implies an age of
> 0.6 Gyr (Sestito & Randlich 2005); note that we are
unable to place an upper limit on age using the lithium
abundance, as the measured value falls on the lithium
‘plateau’ exhibited by some solar-type stars older than
1 Gyr (Randich 2009). Similarly, we detect lithium in
the spectrum of WASP-116 A with an equivalent width
corresponding to logA(Li) = 2.35± 0.08. This also im-
plies an age of > 0.6 Gyr, and again falls on the ‘plateau’
for older solar-type stars.
There is no significant detection of lithium in WASP-
85 B, with an equivalent width upper limit of 2 mA˚, cor-
responding to an abundance upper limit of logA(Li) <
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Figure 7. The results from stellar model fitting using BAGEMASS, showing the best-fitting stellar isochrones and evolutionary
tracks, along with the posterior probability distribution of the MCMC fitting process. The ZAMS is shown as a dotted black
line. The solid blue line is the best-fitting stellar evolutionary tracks, with the blue dashed lines representing evolutionary
tracks for the 1σ limits on stellar mass. The solid orange line is the stellar isochrone, with the orange dashed lines representing
isochrones for the 1σ limits on stellar age. The posterior probability distribution of the MCMC fitting process is shown with
the colour scale representing the density of points.
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Table 8. Age estimates for the systems discussed herein, as
determined using a variety of techniques.
We consider the GARSTEC results to be the most represen-
tative.
Method Ages
WASP-85 A WASP-85 B WASP-116 A WASP-149 A
(Gyr) (Gyr) (Gyr) (Gyr)
Isochrone placement†
Padova 0.5+0.3−0.1 1.1
+10.4
−1.0 8.6
+3.6
−1.6 1.6
+0.4
−0.6
YY 1.2+1.7−0.1 1.2
+9.0
−1.0 7.5
+2.0
−1.4 2.2
+2.9
−2.0
DSED 2.4+0.7−2.2 > 0.1 > 8.2 3.2
+0.7
−1.5
GARSTEC 0.3± 0.3 7.3± 4.4 7.0± 0.9 2.7± 1.5
Gyrochronology
Prot,WASP 1.53
+0.32
−0.28 − − −
Prot,K2 1.24
+0.07
−0.06 0.40± 0.01 − −
v sin I? < 1.45
+1.25
−0.58 < 0.81
+0.61
−0.30 < 8.3 < 1.3
Lithium abundance
log A(Li) > 0.6 − > 0.6 −
† For WASP-85 B, ρ? was taken from spectral analysis as there is no
independent measurement.
0.70 ± 0.10. No lithium was identified in the spec-
trum of WASP-149 A either; we place an upper limit on
the abundance for that star of logA(Li) < 0.8. Thus,
we cannot place a limit on the ages of WASP-85 B or
WASP-149 A using this method.
3.3.4. Comparing methods
The ages that we obtain using our different methods
are generally consistent with each other, though as ex-
pected there is some variation between the different sets
of stellar models. This spread of age estimates arises
from the differing input physics and assumptions that
are used to construct the models. In general, we gravi-
tate towards the results obtained using the combination
of the GARSTEC models and BAGEMASS as they use
the most comprehensive set of models, and the MCMC
approach of BAGEMASS leads to a more representa-
tive age estimate that more rigorously accounts for the
shape of the stellar models and isochrones.
The ages for WASP-85 A that we derive using the
four different isochrone analyses are broadly consistent,
though the Yonsei-Yale models suggest a slightly older
age that is in agreement with the gyrochronology ages
that we derive. This suggests that the star has not been
spun up through tidal interactions. However, WASP-
85 B’s age is less clear. If we assume that the two
stars are gravitationally bound then we would antici-
pate them to be co-evolving and thus to show similar
ages. However, the age constraints from stellar model
fitting for WASP-85 B are very loose, easily accomodat-
ing a much older star than WASP-85 A; note the rele-
vant GARSTEC results in particular. It is possible that
these seemingly incompatible ages arise because we have
no independent measurement of ρ? for WASP-85 B, and
thus used the stellar parameters from our spectral anal-
ysis. We note that the gyrochronology results for the
binary companion, in contrast with the model fitting
results, imply that WASP-85 B is of similar age to the
planet hosting WASP-85 A.
It is also possible that the temperate estimate for
WASP-85 A is biasing the model fitting towards a
younger age. We note that there is a discrepancy be-
tween the temperature derived from the HARPS spec-
trum and that derived from our global modelling. How-
ever, using the latter temperature has a negligible effect
on the estimated age for WASP-85 A.
WASP-116 is significantly older than WASP-85 A, and
appears to be evolving off the main sequence (see Fig-
ure 7). The age estimates from all of the model fitting
agree on this point, but they do not all agree with each
other; the lower limit provided by the DSED models is
at odds with the GARSTEC result. The upper limit on
age that we obtain from gyrochronology is very similar
to the DSED limit as well, and together these age esti-
mates leave only a small range of possible ages for the
system, a range that disagrees with the GARSTEC re-
sult. However, the gyrochronology result was obtained
using the stellar v sin Is rather than a rotation period
measurement, and thus is not entirely reliable.
For WASP-149, the upper age limit provided by gy-
rochronology (again derived from v sin Is) disagrees with
the result obtained using the DSED models. We note,
however, that the four stellar model fitting results are
in agreement.
4. MODELLING APPROACH
We simultaneously model all of the available photo-
metric (both WASP discovery data and follow-up tran-
sit lightcurves) and spectroscopic data for each system.
In this way we can fully characterise inter-parameter
correlations and intra-parameter uncertainties. We use
a Markov Chain Monte Carlo (MCMC) code based on
the approach described in Collier Cameron et al. (2007)
and Pollacco et al. (2008), and which has since been
used in a range of publications concerning WASP plan-
etary systems (e.g. Brown et al. 2017; Faedi et al. 2016;
Anderson et al. 2018; Temple et al. 2018; Hellier et al.
2019). Our jump parameters (see Table 9) are chosen to
minimise inter-parameter correlations, and to maximise
the mutual orthogonality of the parameter set. We use
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√
e sin(ω) and
√
e cos(ω) to impose a uniform prior on e
and avoid bias towards higher values (Ford 2006; Ander-
son et al. 2011). As standard practice we apply Gaussian
priors on stellar effective temperature, Teff and [Fe/H]
using the results from our spectral analysis; prior values
are listed in Table 10. We also have a set of optional
constraints that we can choose to adopt, namely:
1. Applying a Gaussian prior on v sin Is.
2. Forcing the planet’s orbit to be circular, e
!
=
0. This indirectly controls the jump parameters
e sinw and e cosw, setting them equal to zero.
3. Forcing the barycentric system RV to be constant
with time, γ˙
!
=0, neglecting long-term trends that
are indicative of third bodies.
4. Forcing the stellar radius, Rs, to follow a main
sequence relationship with Ms, or use the result
from spectral analysis as a prior on Rs.
These constraints are all optional, and are not necessar-
ily applied to each system being analysed. Note that we
prefer to use the stellar radius from spectral analysis for
the prior rather than the value derived from Gaia data
owing to the extinction issue discussed previously.
We compare solutions from the equivalent eccentric
and non-eccentric combinations using the F-test of Lucy
& Sweeney (1971), with the circular solution as the null
hypothesis (Anderson et al. 2012). We adopt this ap-
proach on the basis that tidal circularisation timescales
for hot Jupiters are often significantly shorter than their
expected lifetimes (Pont et al. 2011). We similarly adopt
γ˙ = 0 as our null hypothesis, testing solutions with non-
zero γ˙ for significance using the reduced χ2 as calculated
for the spectroscopic data only.
We discuss these analyses in the following sections.
Once all combinations have been examined, we identify
the most suitable combination by selecting that which
provides the minimal value of the reduced chi-squared
statistic, χ2red. This combination is then reported as the
final solution for each system.
At each MCMC step we calculate both a photometric
transit model (using the approach of Mandel & Agol
2002) and a Keplerian radial velocity curve. We re-
move systematic trends from our photometric data using
a linear decorrelation with time, and account for limb
darkening using a non-linear, four-component model; we
derive wavelength appropriate coefficients by interpo-
lating the tables of Claret (2000, 2004). We calculate
stellar radius using the value of Rs/a derived from the
transit model, calculating the semi-major axis from the
orbital period using Kepler’s third law. Stellar mass
is determined using the Teff–Ms calibration of Torres
et al. (2010), with updated parameters from South-
worth (2011). Quality of fit is determined using the χ2
statistic, and the Metropolis–Hastings decision maker
(Metropolis et al. 1953; Hastings 1970) is used to accept
or reject each MCMC step.
We use a burn-in phase with a minimum length of
5× 103 accepted steps. Once this minimum is reached,
we check for convergence using the simple method of
(Knutson et al. 2008), which compares the value of χ2
for the current step to the median of all previous values
in the chain. We also carry out secondary checks for
convergence using trace plots, autocorrelation statistics,
inspection of one- and two-dimensional parameter dis-
tributions, and the Gelman & Rubin (1992) statistic. If
convergence is not achieved within 104 steps, we restart
the chain.
Following convergence, we use a set of 103 accepted
steps to rescale the uncertainties on the primary jump
parameters. We then run the chain for a further 2× 104
accepted steps, taking the last 104 steps as the produc-
tion runs. We run five separate chains, and concate-
nate the production runs to produce a final chain of
length 5 × 104 steps. We then test this final chain for
full convergence using the approach of Geweke (1992),
re-running chains as necessary until our test indicates a
fully-converged final chain. Our reported parameters are
the median values from this chain, with the listed uncer-
tainties taken to be the values enclosing the 68.3 percent
confidence interval.
We use the TDB time standard in conjunction with
Barycentric Julian Dates (BJD), as recommended by
Eastman, Siverd, & Gaudi (2010). We take the equato-
rial Solar and Jovian radii and masses taken from Allen’s
Astrophysical Quantities as our standard values.
5. RESULTS FOR WASP-85
As noted in Section 2.1.2, owing to the proximity of
the binary companion all of the photometric observa-
tions of the WASP-85 system contain light from both
stars. Following the examples of Anderson et al. (2014),
Neveu-VanMalle et al. (2014), and Maxted et al. (2013),
we corrected for this dilution by manually increasing
the depth of the WASP-85 transits, accounting for the
third light contribution following the model of South-
worth (2010). For observations in the in the z band,
we use the flux ratio of 0.54± 0.02 measured during the
course of the IO:O observations. For observations in
the Cousins R, RG, and Kepler filters we scale this ratio
assuming perfect blackbody emission for the two stars,
giving a flux ration of 0.50 for all cases. In addition,
owing to the presence of an additional trend in the LT
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Table 9. Details of the jump parameters that we use for our MCMC analysis. These parameters have been selected to maximise
mutual orthogonality, and minimise correlations. We note those parameters controlled by Gaussian priors in column 4. e sinw
and e cosw are controlled by the prior on orbital eccentricity, e. Priors listed as ‘Yes/No’ are controlled through the optional
constraints listed in the text.
Parameter Units Symbol Prior?
Epoch BJDTDB − 2450000 t0 No
Orbital period days Porb No
Transit width days W No
Transit depth – d No
Impact parameter Stellar radii b Yes/No
Effective temperature K Teff Yes
‘Metallicity’ dex [Fe/H] Yes
RV semi-amplitude km s−1 K No√
e sin(ω) – e sinw indirectly; Yes/No√
e cos(ω) – e cosw indirectly; Yes/No
Long-term RV trend – γ˙ Yes/No
Stellar rotation velocity (km s−1)−1/2 v sin(Is) Yes/No
/ IO:O lightcurves (probably secondary extinction) we
found it necessary to use a quadratic decorrelation in
phase for the two lightcurves obtained with that instru-
ment. Finally, during each of the TRAPPIST transit
observations the telescope underwent a meridian flip to
allow it to continue observing the system. To reduce
potential systematics associated with these events, the
data pre- and post-flip were fit as separate lightcurves.
The CORALIE and SOPHIE RVs are also affected by
contamination caused by the presence of the companion
star. Our HARPS observations show that WASP-85 B is
relatively constant in RV, and thus one of the CCF peaks
will be constant in velocity space, while the second CCF
peak representing WASP-85 A will shift with orbital
phase. Owing to the very similar systemic velocities for
the two stars (as expected if they are bound), however,
these peaks merge to form a single, mildly asymmetric
CCF. The measured velocity will be biased towards the
stationary position of WASP-85 B, effectively reducing
the shift in velocity induced by the planet, and leading to
a smaller semi-amplitude. We attempted to correct for
this by modelling the CCFs as a pair of Gaussian func-
tions. We used the flux ratio, v sin I? values, and mean
RV for star B to place priors on the relative amplitudes,
widths, and positions, respectively, of the two peaks,
but were unable to disentangle the two stars’ CCFs. We
therefore elect not to include the RV data obtained us-
ing CORALIE and SOPHIE in our final fit, using only
the uncontaminated HARPS data for WASP-85 A. We
add an additional stellar “jitter” term of 2 m s−1to the
formal RV uncertainties in order to obtain a reduced
spectroscopic χ2 ≈ 1.
We find a significant improvement in the spectroscopic
fit (parameterised using χ2reduced) when including an RV
trend, which we measure at −110± 3 m s−1 yr−1. How-
ever, we are sceptical that such a trend truly exists.
The timespan of the HARPS observations is only twelve
days, covering just over 4.5 orbits. This is insufficient to
truly constrain any trend that might be present in the
systemic velocity. Moreover, the CORALIE and SO-
PHIE data show no signs of any shift in γ over time (see
Figure 10). Even with the dilution caused by WASP-
85 B, a trend of −110 ± 3 m s−1 yr−1 would be easily
identifiable, as those data cover nearly 2000 days, over
five years, and the postulated trend is on the order of
the detected semi-amplitude. We therefore do not fit a
trend in our final solution.
We find eccentricities of between 0.0763 and 0.1774,
depending on the optional constraints that we apply. All
are consistent with zero at < 2σ, suggesting that our
null hypothesis is correct. We test this further by using
the F-test of Lucy & Sweeney (1971) to compare the
eccentric and circular fits, finding that the probability
of the eccentricity being detected by chance varies be-
tween 0.79 to 0.06. Furthermore, the short timespan of
the HARPS observations provides insufficient constraint
even if the eccentricity was found to be significant.We
therefore adopt the null hypothesis of a circular orbit.
One of the HARPS RV data has an uncertainty three
times that of the other measurements, and a bisector
span that is twice as large as the next greatest value.
We carried out runs omitting this datum to check that
it was not biasing our results. We found that remov-
ing this point produced an insignificant increase in the
value of the fitted trend in γ, and that the eccentricity
of the orbit tended to increase with the removal of the
highly uncertain HARPS measurement, though we note
that eccentricity was still not significantly detected. We
attribute this to the spacing of the RV data in orbital
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phase, which leads to a fit dominated by the three data
between phase 0 and phase 0.2.
The system parameters that we adopt are listed in Ta-
ble 10, along with the prior values. We list the Teff and
[Fe/H] results from our MCMC for completeness, and
to verify consistency with the spectroscopically-derived
values for these particular parameters. Though [Fe/H]
is consistent between the MCMC and the spectral anal-
ysis, we note that the global analysis finds a significantly
hotter star than is implied by the HARPS data. A sim-
ilar discrepancy was noted by Mocˇnik et al. (2015) in
reference to an earlier version of this paper with the
same spectroscopic Teff , though our MCMC tempera-
ture increases the apparent discrepancy. As suggested
by Mocˇnik et al., this may imply that the HARPS data
are not completely uncontaminated, though any con-
tamination would be at a sufficiently low level to have
negligible effect on the orbital solution. The rest of our
solution agrees with the results in table 1 of Mocˇnik et
al., as is to be expected given that the same dataset was
used for both analyses.
In Figure 8 we display the phase-folded photometric
lightcurves, overlaid with the best-fitting transit model.
There is a notable difference in scatter between the two
LT / IO:O lightcurves. This is likely to be a result of the
comparison stars that were available for the data reduc-
tion process. For the lightcurve obtained on the night
of 2013-01-12 there were two suitable comparison stars,
which were fainter than than WASP-85 by factors of 1.8
and 2.25. For the lightcurve obtained on the night of
2013-01-28, only one comparison star was available, and
it was four times fainter than our target. In Figure 9
we plot our HARPS RV data, overlaid with the best-
fitting Keplerian orbit model for HARPS only analysis.
We show all of our RV data to illustrate the effect of
the dilution on the CORALIE and SOPHIE observa-
tions, with the data from these instruments greyed-out
to indicate that it was not fit. The primary effect is
a reduction in the semi-amplitude of the data (see also
Table 10), though there is also increased scatter com-
pared to the HARPS observations. We also show the
residuals of the data compared to the plotted HARPS
model. The sinusoidal structure present in the residuals
for the CORALIE and SOPHIE data clearly indicates
the reduced semi-amplitude.
5.1. Diluted observations
We tested the effect of the dilution on our derived pa-
rameters by carrying out several different analyses. We
first fit the uncorrected photometry and HARPS RVs
using the same initial conditions and prior set, finding a
transit depth of 0.0149±0.0001, some 20 percent smaller
Figure 8. Photometric transit lightcurves of the WASP-
85 system. The data have been phase folded using the
best-fitting orbital period and epoch for WASP-85 A b, and
binned using a bin width equivalent to 180 s. We plot the
original data in grey, and the best-fitting transit model
in red. The lightcurves have been offset for clarity; for
the same reason, we omit the error bars. The telescope,
instrument, and date of observation are listed alongside each
lightcurve. A slewing problem is responsible for the gaps in
the lightcurve obtained by TRAPPIST on 2013-03-31. The
vertical blue lines denote the timing of the meridian flips
undergone by TRAPPIST.
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Figure 9. Upper panel: Radial velocity data for WASP-85,
phase folded using the best-fitting orbital period and epoch
for WASP-85 A b. HARPS data for WASP-85 A are denoted
by solid, black triangles, data for WASP-85 B by open, black
triangles. The CORALIE and SOPHIE data, which were
not used in our global modelling, are denoted by solid grey
circles and stars, respectively. The best-fitting γi value for
each set of data has been subtracted to allow comparison.
Overplotted is our best-fitting orbital solution as derived
from our MCMC global analysis using only the HARPS data
to constrain the RV curve. Also shown are the Keplerian
solutions derived using K for the CORALIE data (dashed
line) and SOPHIE data (dotted line), which clearly show
the effect of contamination in reducing the semi-amplitude.
The data for WASP-85 B show variation that is uncorrelated
with the phase of the planet’s orbital solution. Lower panel:
Radial velocity residuals as compared to the best-fitting
global model (solid line in the upper panel). The effect of
contamination gives a sinusoidal form to the residuals for
the SOPHIE and CORALIE data.
than the depth when using the contamination-corrected
photometry.
To characterise the effect of the third light dilution
on the CORALIE and SOPHIE RV data, we carry out
an additional fit using the same initial conditions, but
Figure 10. Radial velocity residuals for WASP-85 as a
function of time. Residuals are calculated compared to the
RV model from our MCMC global analysis. HARPS data for
WASP-85 A are denoted by solid, black triangles, data for
WASP-85 B by open, black triangles. The CORALIE and
SOPHIE data, which were not used in our global modelling,
are denoted by solid grey circles and stars, respectively. It
is clear that the HARPS data used for the global analysis
cover too short a baseline to constrain any linear trend in
RV. Furthermore, there is no evidence for a long-term trend
over the full timespan of our observations.
including all of our RV data. We find that this makes
little difference to the reported solution, but does pro-
vide additional useful information on the level of dilu-
tion. For this analysis, we use a number of Ki jump
parameters equal to the number of datasets. KSOPHIE
is significantly smaller than KCORALIE, which is in turn
significantly smaller than KHARPS. This is as expected
given the different instrument specifications, and the dif-
ferent levels of dilution that are expected in the three
sets of data.
As expected, the inclusion of the CORALIE and SO-
PHIE data reduces the magnitude of the trend in sys-
temic velocity to zero.
We also test the effect of the diluted RVs on the planet
mass that we derive by carrying out runs using the
CORALIE data or SOPHIE data in place of the HARPS
RVs. When using the CORALIE RVs we find a planet
mass of 0.93 ± 0.01MJup, 26 percent smaller than the
value we find using the HARPS data. With the SO-
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PHIE data, we find Mp = 0.79 ± 0.05MJup, 37 percent
smaller than the HARPS result. These discrepancies
match the differences in Ki that we find when fitting all
of the RV data simultaneously, as expected.
We estimate the RV signature that would be induced
in WASP-85 A by the binary companion. We calculate
an expected RV semi-amplitude of Kbinary = 1180 m s
−1
using the orbital period implied by the change in posi-
tion angle. The greatest negative rate of change of RV
occurs at phase 0; adopting this as our initial condition,
we calculate ∆RV = −0.04 m s−1 over the course of one
year.
6. RESULTS FOR WASP-116
We approximate the NGTS and blue-blocking filters
as the Cousins I and Cousins Z filters, respectively, for
the purposes of limb darkening coefficients. We adopt
the null hypothesis of a circular orbit with no long-term
velocity trend, and apply an additional Gaussian prior
on v sin Is to combat the tendency for the MCMC algo-
rithm to boost the rotation velocity to speeds that are
unphysical for the physical stellar parameters measured
from our co-added CORALIE spectra. We find that
the overall fit to our data is significantly worse when
forcing the stellar parameters to follow a main-sequence
mass-radius relationship, and that doing so also forces
the MCMC towards hotter stars with either super-Solar
metallicity, or metallicity that is closer to the Solar value
than our spectral analysis implies. However, allowing
the stellar mass and radius to vary freely leads to a sig-
nificantly more massive, significantly larger star than is
suggested by our analysis of the CORALIE spectra, al-
beit one with an effective temperature and metallicity
consistent with our spectrally derived values.
Since the temperature and metallicity are derived di-
rectly from the CORALIE spectra, while the mass and
radius are derived from the calibration of Torres et al.
(2010), we prefer to use a combination of priors that
return consistent values of the former two parameters.
We therefore allow the stellar mass and radius to vary
freely during the MCMC chain. Our age estimates for
WASP-116 support this choice of prior; the left panel of
Figure 7 indicates that the host star is slightly evolved,
and using the stellar mass in Table 10 we estimate the
main sequence lifetime to be 4.2 Gyr (5.0 Gyr with the
mass from spectral analysis), significantly shorter than
the 7.0± 0.9 Gyr estimated by BAGEMASS.
As before, we show our final, adopted system parame-
ters, and our prior values, in Table 10, listing the Teff and
[Fe/H] results from our MCMC for completeness, and to
verify consistency with our adopted spectroscopically-
derived values.
WASP-116 b has a relatively long orbital period that
results in a transit duration of nearly six hours. This
makes it very difficult to observe a complete transit
from the ground whilst also acquiring sufficient out-
of-transit data to give a secure baseline. As noted in
Section 2.2.2, this meant that our photometric follow-up
efforts were unable to secure a complete transit obser-
vation. This adversely affects the quality of our solution
for the system, particularly in terms of the uncertainty
on the orbital inclination and impact parameter, and
likely also contributes to the problems encountered with
the masses and radii discussed above. We note how-
ever, that WASP-116 lies in TESS sector 4, so further
photometry will be available in the near future that will
enable the system’s parameters to be refined.
7. RESULTS FOR WASP-149
We approximate the clear filter used by NITES as the
Cousins R filter for the purposes of limb darkening, and
similarly approximate the ZG filter as Sloan z′. We ini-
tially carried out two separate fits to the WASP-149 data
in an effort to characterise the dilution in the WASP
photometry. The first fit used all of the photometric
and spectroscopic data, while the second used only the
WASP photometry alongside the full set of spectroscopic
data. We found that the transit depth that we obtained
using only the WASP photometry was 0.0115+0.0007−0.0005,
compared to 0.0170 ± 0.0001 when we used all of the
photometry, a decrease of 32%.
We corrected for this dilution by manually increas-
ing the depth of the WASP-149 transits. We took the
best-fitting ephemeris and transit width from the full
data fit, using these to identify data that fell inside a
transit window. These data were multiplied by the ra-
tio of our two fitted depths; this increases the depth of
the WASP transits to match those of the follow-up pho-
tometry, but does increase the in-transit scatter in the
WASP data. However, the fit is dominated by the bet-
ter quality follow-up photometry (as evidenced by the
fact that our initial all-data fit provided a depth that
matched their transits), so the effect on the final results
of this increased scatter is minimal.
We again apply an additional Gaussian prior on
v sin Is, as without this the MCMC was boosting the
rotational velocity of the star to unphysical values. We
also again adopt the null hypothesis of a circular orbit
with no long-term velocity trend. The eccentric fits
that we explored were not significantly detected, and
the trends that we derived when allowing them in our
fits were all consistent with 0. We found no significant
differences between the results obtained when allowing
the stellar physical parameters to vary freely, and those
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Figure 11. Photometric transit lightcurves of the WASP-
116 system. The data have been phase folded using the
best-fitting orbital period and epoch for WASP-116 b, and
binned using a bin width equivalent to 180 s. We plot the
original data in grey, and the best-fitting transit model
in red. The lightcurves have been offset for clarity; for
the same reason, we omit the error bars. The telescope,
instrument, and date of observation are listed alongside
each lightcurve.
Figure 12. Upper panel: Radial velocity data for WASP-
116, phase folded using the best-fitting orbital period and
epoch for WASP-116 b. CORALIE data are denoted by blue
circles, while SOPHIE data are denoted by red stars. The
best-fitting γi value for each set of data has been subtracted.
Overplotted is our best-fitting orbital solution as derived
from our MCMC analysis. Lower panel: Radial velocity
residuals as compared to the best-fitting model shown in
the upper panel.
obtained when the parameters were constrained by the
main sequence mass-radius relation. Moreover, all of
our exploratory analyses returned effective tempera-
tures and metallicities in agreement with the spectral
analysis results. We therefore allow the stellar mass
and radius to vary freely in our final fit, which shows
a larger, more massive star than is suggested by the
spectral analysis.
As for our other two systems, Table 10 displays the
prior values and our adopted system parameters, as well
as listing list the Teff and [Fe/H] results from our MCMC
for completeness and consistency verification purposes.
We note that WASP-149 lies in TESS sector 7, so
space-based photometry will be available in the near fu-
ture that will allow for refinement of our solution.
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Figure 13. Photometric transit lightcurves of the WASP-
149 system. The data have been phase folded using the
best-fitting orbital period and epoch for WASP-149 b, and
binned using a bin width equivalent to 180 s. We plot the
original data in grey, and the best-fitting transit model in
red. Note that the WASP data have had the transit depth
artificially increased to match the follow-up photometry; we
plot the best-fitting transit model for the original WASP
data in blue. The lightcurves have been offset for clarity;
for the same reason, we omit the error bars. The telescope,
instrument, and date of observation are listed alongside
each lightcurve.
Figure 14. Upper panel: Radial velocity data for WASP-
149, phase folded using the best-fitting orbital period and
epoch for WASP-149 b. Pre-upgrade CORALIE data are
denoted by blue triangles, while post-upgrade data are
denoted by blue circles. SOPHIE data are denoted by red
stars. The best-fitting γi value for each set of data has been
subtracted. Overplotted is our best-fitting orbital solution
as derived from our MCMC analysis. Lower panel: Radial
velocity residuals as compared to the best-fitting model
shown in the upper panel.
8. DISCUSSION
8.1. WASP-85 B - the binary companion
WASP-85 is listed as a known binary in the Washing-
ton Double Star catalogue (WDS). We obtained the full
set of WDS measurements for the system, which stretch
back to 1881. We also measured the position angle and
angular separation of the companion star through care-
ful analysis of EulerCAM observations taken on 2012
February 7th.
In Figure 15 we show both the binary angular separa-
tion and the binary position angle as a function of calen-
dar date. A Lomb-Scargle periodogram reveals no sig-
nificant periodicity in the angular separation of the two
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Table 10. System parameters for WASP-85 A and WASP-85 A b, WASP-116 A and WASP-116 b, and WASP-149 A and WASP-
149 b. We also list the Bayesian priors applied in the course of the MCMC analysis. The flux ratios listed for WASP-85 were
used to manually correct the photometry prior to starting the analysis.
Parameter Symbol System values for: Units
WASP-85 WASP-116 WASP-149
Priors
Projected rotation velocity v sin I? 3.41± 0.89 1.7± 1.1 4.6± 0.6 km s−1
Effective temperature Teff 5685± 65 5950± 100 5750± 100 K
Metallicity [Fe/H] 0.08± 0.10 −0.28± 0.10 0.16± 0.11 dex
Flux ratio L3 0.50 (adopted) − − Cousins R filter
Flux ratio L3 0.50 (adopted) − − RG filter
Flux ratio L3 0.54 (adopted) − − Sloan z′ filter
Flux ratio L3 0.50 (adopted) − − Kepler filter
Model parameters
Orbital period P 2.6556763± 0.0000003 6.61321± 0.00002 1.332811± 0.000001 days
Epoch of mid-transit t0 6844.81719± 0.00001 6602.85352+0.0039−0.0029 7160.52490± 0.00007 BJDTDB − 2450000
Transit duration Tdur 0.10817± 0.00002 0.243+0.009−0.006 0.0842± 0.0006 days
Planet:star area ratio R2p/R
2
? 0.018718
+0.000004
−0.000010 0.0077± 0.0002 0.0176± 0.0002
Impact parameter b 0.042± 0.002 0.103+0.089−0.066 0.49± 0.03
RV semi-amplitude K − 57.7± 4.4 177.6+4.2−4.8 m s−1
KHARPS 173.3± 1.8 − − m s−1
KCORALIE 132.8± 1.7∗ − − m s−1
KSOPHIE 112.5
+6.2
−6.5
∗ − − m s−1
Systemic velocity γHARPS 13.5946± 0.0018 − − km s−1
γCORALIE pre-upgrade − −10.9827± 0.0038 17.9046± 0.0006 km s−1
γCORALIE post upgrade 13.5335± 0.0013† − 17.9021± 0.0005 km s−1
γSOPHIE 13.4610± 0.0045† −11.0255± 0.0054 17.8579± 0.0003 km s−1
Effective temperature Teff 6150± 15 5967+97−75 5781+106−90 K
Metallicity [Fe/H] 0.10+0.13−0.10 −0.28± 0.10 0.15± 0.12 dex
Limb darkening (R-band) R1 0.57 0.41 0.42
R2 0.05 0.20 0.28
R3 0.31 0.20 0.002
R4 −0.21 −0.11 0.007
Limb darkening (I-band) I1 − 0.65 −
I2 − −0.24 −
I3 − 0.42 −
I4 − −0.17 −
Limb darkening (z’-band) z1 0.66 − 0.74
z2 −0.32 − −0.50
z3 0.55 − 0.66
z4 −0.28 − −0.24
Limb darkening (Kepler-band) k1 0.57 − −
k2 0.01 − −
k3 0.41 − −
k4 −0.26 − −
Derived parameters
Ingress / egress duration T12 = T34 0.013037± 0.000002 0.0202± 0.0001 0.0123± 0.0001 days
Orbital inclination ip 89.73± 0.01 89.38+0.40−0.54 84.68± 0.31 ◦
Orbital eccentricity e 0 (adopted) 0 (adopted) 0 (adopted)
Stellar mass M? 1.09± 0.09 1.18± 0.05 1.09± 0.06 M
Stellar radius R? 0.94± 0.03 1.68± 0.07 1.02± 0.03 R
Stellar surface gravity log g? 4.533± 0.011 4.074± 0.003 4.478± 0.001 (cgs)
Stellar density ρ? 1.330± 0.001 0.25± 0.02 1.03± 0.06 ρ
Planet mass Mp 1.25± 0.03 0.59± 0.05 1.02± 0.04 MJup
Planet radius Rp 1.25± 0.07 1.43± 0.07 1.32± 0.04 RJup
Planet surface gravity log gp 3.267± 0.005 2.839± 0.004 3.164± 0.001 (cgs)
Planet density ρp 0.646± 0.018 0.213± 0.003 0.497± 0.001 ρJup
Scaled stellar radius R?/a 0.11264± 0.00002 0.1071+0.0036−0.0030 0.1945± 0.0037
Semi-major axis a 0.0386± 0.0010 0.0730± 0.0011 0.0247± 0.0004 AU
Planet equilibrium temperature Teq=0 1459± 4 1400± 4 1870± 1 K
∗Values of K for the CORALIE and SOPHIE observations of WASP-85 AB were determined through MCMC runs using only the sets of RV data obtained
by those instruments.
† Values of γ for the CORALIE and SOPHIE observations of WASP-85 AB were determined through an MCMC run using all three sets of RV data. This
run did not significantly change the other model or derived parameters.
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Table 11. Position angles and angular separations for the
binary star BD+07◦2474 (WASP-85 A B). The majority of
the measurements were obtained from the Washington Dou-
ble Star catalogue. The most recent datum (marked with
∗) was obtained through analysis of images from EulerCAM,
taken on 2012 February 7th.
Date Position Angle Angular Separation
(year) (degrees) (arc sec)
1881.32 114.2 1.32
1888.351 113.1 1.66
1898.215 112.5 1.62
1898.40 111.2 1.58
1904.138 112.2 1.45
1909.14 115.4 1.29
1911.98 114.6 1.43
1914.32 114 1.34
1925.22 113.6 1.43
1925.31 110.7 1.68
1925.36 114.4 1.50
1928.31 111.1 1.52
1928.35 111.2 1.65
1944.11 112.2 1.30
1944.87 109 1.43
1954.11 106.3 1.62
1974.286 105.2 1.56
1975.16 104.3 1.32
1981.24 103.9 1.80
2010.287 99.9 1.24
2012.107∗ 99.62± 0.41 1.48± 0.01
stellar components, though there is substantial scatter
about the mean. Future data releases from Gaia will be
of great help in reducing the uncertainty in the binary
separation.
The position angle of the binary shows a clear, long-
term, decreasing trend. This is a clear indication of
orbital motion for the binary, and suggests an orbital
period of & 3000 years. This change of position angle
suggests that the planetary orbit is misaligned from the
plane of the binary orbit.
Using the distance listed in Table 5, the mean sepa-
ration of 1.5 ± 0.1 ′′corresponds to a distance between
the stars of 210± 22 AU. Using the masses that we esti-
mate for the two components from our spectral analysis,
and assuming a circular orbit, this indicates a period of
2190± 340 years, less than the lower limit of 3000 years
suggested by the position angle change. The reverse
transformation, from Pbinary = 3000 years, gives a bi-
nary distance of 259 AU, discrepant with the separation
derived value. This mismatch suggest that the binary
orbit is inclined relative to our line of sight by ∼ 45◦,
again indicating a misalignment with the planet’s orbital
plane. Such misalignment between the binary orbital
plane and the planetary orbital plane has been observed
Figure 15. Upper panel: Angular separation of the two
binary components as a function of calendar date. There
appears to be short term variation with a period of approxi-
mately 30 years. The minimum separation implies an orbital
distance of ∼ 150 AU. Lower panel: Binary position angle
as a function of calendar date. There is a clear, long-term
trend for decreasing position angle. This suggests an orbital
period for the binary of & 3000 years.
In both panels, black circles indicate data obtained from
the Washington Double Star (WDS) database, while blue
triangles indicate data derived from EulerCam observations.
The WDS data have no associated uncertainties. The
uncertainty on the EulerCam separation measurement is
smaller than the symbol size.
in young protoplanetary discs Jensen & Akeson (2014);
Kennedy et al. (2019).
The presence of the binary companion at < 259 AU
from the planet host star suggests that the protoplane-
tary disc was likely truncated, limiting the quantity of
material available for planet formation. Exploring this
possibility is beyond the scope of this paper, but could
be an interesting subject for future work.
8.2. Examining the population
We compare our new discoveries to the existing popu-
lation of transiting exoplanets. From the exoplanets.org
database5 we select all systems with measured planetary
radius, planetary mass, orbital inclination, and stellar
5 Accessed on 2019-01-31
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effective temperature. These cuts provides a sample of
366.
We calculate the stellar luminosity for the host stars
of our sample, and use this to calculate the incident
flux on each of the exoplanets. We then calculate a
simple estimate of the equilibrium temperature, Teq, of
each planet in our sample, assuming an albedo of 0.503
(equal to the Bond albedo of Jupiter, Li et al. 2018) and
a circular orbits for all planets. We also assume that
each planet has a uniform day-side temperature and a
nightside temperature of 0 K, with no recirculation, such
that the area ratio for absorption / radiation of energy
is 0.5 (Cowan & Agol 2011).
We plot planetary radius as a function of planetary
mass in Figure 16, focusing on systems with masses
greater than 0.01 MJup and radii greater than 0.25 RJup.
We colour-scale the data for the existing population ac-
cording to the calculated Teq, then overplot our three
new systems. We also plot isodensity lines for 1.0, 0.5,
and 0.25 ρJupiter. Our solution for WASP-116 b sits just
above the 0.25 ρJupiter isodensity line, suggesting that
it is mildly inflated, though we note that the addition
of TESS photometry covering the full planetary transit
may alter this conclusion
Comparing to systems with mass within 1σ of WASP-
116 b, we find that the planet falls between the 10th
and 15th percentiles of the radius distribution. This is
skewed by a small number of strongly inflated planets;
if we ignore the two systems with radius greater than
1.7RJup then WASP-116 b is in the largest 5% of the ra-
dius distribution. Similarly comparing to systems with
radius within 1σ of WASP-116 b reveals that the planet
lies between the 25th and 39th percentiles of the mass
distribution. Finally, comparing to planets with mass
and radius within 3σ of WASP-116 b places the planet
between the 17th and 28th percentiles of the density dis-
tribution. The position of WASP-116 b in mass-radius
space compared to objects with similar physical prop-
erties thus supports the idea that the planet is mildly
inflated.
In Figure 17, we plot planetary density as a function of
planetary mass, colour-scaling the data by Teq as before.
We also plot envelopes for density-mass distributions in
Figure 17. We plot the envelopes for ice / gas giants,
and for Neptunes / Saturns, as defined by both Bakos
et al. (2015) and Faedi et al. (2016). These two formula-
tions are subtly different, but both encompass our three
new systems within the envelope of the ice / gas giant
population.
Finally, we plot planetary mass as a function of orbital
period in Figure 18, again using Teq to colour-scale the
data. We also show the edges of the ‘Neptune desert’
10
−2
10
−1
10
0
10
1
10
2
Mass (MJ)
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
R
ad
iu
s 
(R
J)
ρJ
0.5ρJ
0.25ρJ
WASP-85
WASP-116
WASP-149
250
500
750
1000
1250
1500
1750
2000
2250
T
eq  (K
)
Figure 16. Planetary radius as a function of planetary mass
for the existing population of transiting systems. Data are
colour-scaled by planetary equilibrium temperature (calcu-
lated assuming an albedo of 0.343 and tidal locking). We
also plot isodensity lines for 1.0, 0.5, and 0.25 ρJupiter.
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Figure 17. Planetary density as a function of planetary
mass for the existing population of transiting systems. Data
are colour-scaled by planetary equilibrium temperature (cal-
culated assuming an albedo of 0.343 and tidal locking). We
also plot the envelopes of the distributions for ice / gas gi-
ants, and for Neptunes / Saturns; we plot these as defined
by both Bakos et al. (2015) and Faedi et al. (2016).
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Figure 18. Planetary mass as a function of orbital period
for the existing population of transiting systems. Data are
colour-scaled by planetary equilibrium temperature (calcu-
lated assuming an albedo of 0.343 and tidal locking). We
also plot the envelope of the ‘Neptune desert’ defined by
Mazeh, Holczer & Faigler (2016). WASP-149 seems to lie
just inside the Neptune desert. Uncertainties on the data for
WASP-85, WASP-116, and WASP-149 are smaller than the
symbols.
defined by Mazeh, Holczer & Faigler (2016). WASP-
149 b lies within this underpopulated region of param-
eter space, but this is by no means unique as recent
discoveries have slowly eroded the edges of the ‘desert’.
Using the formulation for the desert edge as defined by
Mazeh, Holczer & Faigler, and accounting for both the
uncertainty on its location and the uncertainty in our
system parameters, we find that WASP-149 lies less than
1σ within the desert in period space, but just under 4σ
inside the desert in planetary mass space.
Comparing the equilibrium temperatures of our three
new planets (see Table 10) to the existing population, we
find that WASP-116 b, and WASP-149 b are in the bot-
tom 5− 15% and the top 90− 95%, respectively of stars
with masses and radii within 3σ of their measured val-
ues. We attribute both of these outlying positions to the
orbital periods of the two planets, which are the third
longest and third shortest, respectively, of the groups of
stars with immediately comparable mass and radius.
9. SUMMARY
In this paper we have presented the discovery of three
new transiting exoplanets by the WASP project: WASP-
85 A b, WASP-116 b, and WASP-149 b. WASP-85 A b
is a hot Jupiter orbiting the brighter, solar-type com-
ponent of a close visual binary, BD+07◦2474, that has
an orbital period of ∼ 2000 − 3000 years. The binary
companion is cooler than the host star, but of simi-
lar magnitude, and contaminates both the photomet-
ric and spectroscopic data for the system.WASP-116 b
is a warm, mildly inflated super-Saturn orbiting an ex-
tremely metal-poor star that seems to be mildly evolved,
while WASP-149 b is a hot Jupiter orbiting a late G-
dwarf.
We broadly recreate the modulation visible in the K2
lightcurve of WASP-85 using a simple three-spot model
comprising two spots on WASP-85 A, and one spot on
WASP-85 B. The complexity of the detailed spot struc-
ture is not captured by our model given the degener-
acy of the problem, but we capture the essential fea-
tures of the spot-induced brightness variations.From this
model we determine rotation periods for the two stars
of 13.1± 0.1 and 7.5± 0.03 days for WASP-85 A and B,
respectively; the result for the primary star is in strong
agreement with previously published results, and our
own estimates from modulation found in the WASP pho-
tometry.
Using the output of our spot model, we estimate stel-
lar inclinations of IA = 66.8
o±0.7 and IB = 39.7o±0.2,
and constrain the obliquity of WASP-85 A b to be ψ <
27o. We therefore conclude that the system is very likely
to be aligned.
We carried out an MCMC analysis of the full set of
photometric and spectroscopic data for our three sys-
tems to determine their orbital and physical character-
istics, determined stellar parameters through spectral
analysis, and estimated the ages for the systems by fit-
ting their parameters to sets of stellar models. We place
our systems in the context of the existing population of
planets with both mass and radius measurements, find-
ing that WASP-149 b lies within the ‘Neptune desert’.
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